Role of the protease MT4-MMP in the arterial vasculature by Martín Alonso, Mara
Universidad Autónoma de Madrid 




















                 
 
 







Departamento de Bioquímica 
Facultad de Medicina 











Memoria presentada por Mara Martín Alonso licenciada en Ciencias 
Biológicas para optar al grado de Doctor. 
 
 
Directora: Dra. Alicia García Arroyo 
Centro Nacional de Investigaciones Cardiovasculares (CNIC) 
           
         
        













Vascular smooth muscle cells (SMCs) within the media layer of the arterial vasculature 
define vessel wall mechano-elastic properties by the generation of a specific extracellular matrix 
(ECM) and contraction. This ECM is mainly composed by elastin and collagen fibres that confer 
the optimal elasticity and recoil necessary for the wall to support the energy load with every heart 
contraction as in big conductance vessels. These vessels conduct the blood flow to resistance 
vasculature that mediates distribution to the different organs/tissues of the body through vessel 
diameter regulation. Alterations in the mechano-elastic properties of the vessel wall result in 
pathological processes as vessel dilations and aneurysms. Mt4-mmp (membrane-type 4 matrix 
metalloproteinase, also called Mmp17) is expressed in mouse vascular SMCs with undescribed 
functions or substrates so far. Analysis of Mt4-mmp-deficient mice revealed impeded vascular 
SMC maturation with altered cell orientation and ECM connections, impacting in vessel wall 
structure and leading to hemodynamic vascular changes as hypotension. Mt4-mmp-/- aortas were 
unable to bear increased blood pressure presenting higher susceptibility to thoracic aortic 
aneurysms (TAA) development in response to angiotensin II. Also, null immature vascular SMCs 
produced larger neointima in a model of vessel injury. Normal phenotype of the arterial vessel 
wall was restored after expression of catalytic-active Mt4-mmp by lentivirus injection in null 
neonates, indicating the dependence of the vascular phenotype of Mt4-mmp-/- on its catalytic 
activity. Consistently, we demonstrated that Mt4-mmp cleaves the matricellular protein 
osteopontin (Opn) during aortic wall development leading to c-Jun N-terminal kinase (JNK) 
signalling. Lentiviral-driven restoration of the N-terminal Opn fragment generated by Mt4-mmp 
cleavage in the null mice rescued the aortic phenotype and JNK phosphorylation in Mt4-mmp-/- 
neonates. Reinforcing the importance of Mt4-mmp in arterial performance, we found a mutation 
in a patient suffering thoracic aortic aneurysms and dissections (TAAD) that impeded 
metalloproteinase expression (MT4-MMP-R373H), strengthening the implication of MT4-MMP 






Las células de musculatura lisa vascular (del inglés smooth muscle cells, SMCs) de la pared 
arterial son las responsables de conferir las propiedades mecano-elásticas a las arterias mediante 
la síntesis y organización de una matriz extracelular específica (del inglés extracellular matrix, 
ECM) y la contracción. Esta ECM está compuesta principalmente por fibras de colágeno y de 
elastina que aportan la elasticidad y retroceso necesario para que la pared soporte la carga de 
energía derivada de cada contracción cardiaca en las grandes arterias de conductancia que 
transfieren el flujo sanguíneo a las arterias de resistencia, encargadas de regular el aporte de 
sangre a los órganos y tejidos mediante el control de su diámetro. Las alteraciones en estas 
propiedades mecánico-elásticas de la pared vascular están ligadas a la generación de patologías 
vasculares como la formación de aneurismas. Mt4-mmp (del inglés membrane-type 4 matrix 
metalloproteinase, también conocida como Mmp17) se expresa en SMCs vasculares, donde aún 
no se conoce la función o posible(s) sustrato(s). El análisis de la vasculatura del ratón deficiente 
en Mt4-mmp (Mt4-mmp-/-) reveló que la ausencia de Mt4-mmp impide la correcta maduración de 
las SMCs en la aorta, que presentan una distribución y una conexión con la ECM alterada,  lo 
que afecta a la estructura de la pared y genera cambios hemodinámicos. Como resultado, el ratón 
deficiente es hipotenso y tiene  mayor susceptibilidad a daño. En particular, desarrolla más 
frecuentemente aneurismas torácicos aórticos en respuesta a angiotensina II y una mayor íntima 
en respuesta a daño. El fenotipo de la pared vascular pudo ser restaurado en el ratón Mt4-mmp-/- 
tras la inyección de lentivirus que codificaban para la proteína Mt4-mmp catalíticamente activa. 
En concordancia con lo anterior, hemos descubierto que la actividad catalítica de Mt4-mmp es 
necesaria durante el desarrollo de la aorta, procesando una proteína denominada osteopontin 
(Opn) que induce la señalización por la quinasa c-Jun N-terminal (JNK). De hecho, la expresión 
mediada por lentivirus del fragmento N-terminal de Opn resultante del corte de Mt4-mmp, 
rescata el fenotipo y la fosforilación de JNK en la aorta de ratones Mt4-mmp-/- neonatos. El 
análisis de mutaciones de MT4-MMP en pacientes con aneurisma torácico aórtico, determinó la 
presencia de una mutación que impide su expresión (MT4-MMP-R373H) reforzando el hecho de 
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NON-STANDARD ABBREVIATIONS AND ACRONYMS 
                                            ADAMTS4 A Disintegrin and Metalloproteinase (with 
Thrombospondin Motifs) 
βGal     β-Galactosidase 
BSA      Bovine serum albumin 
CNRQ     Calibrated Normalized Relative Quantity 
Cys     Cysteine 
DSS     Dextran sulfate sodium 
EC(s)      Endothelial cell(s) 
ECM      Extracellular matrix 
EDTA      Ethylenediaminetetraacetic acid 
EEL     External Elastic Layer 
ER     Endoplasmic reticulum 
EVS     European Variant Service 
FBS      Fetal Bovine Serum 
FDR     False Discovery Rate 
FBN     Fibrillin 
GO     Gene Ontology 
HEK293     Human Embryonic kidney 293 cell line 
H/L      Heavy/Light 
H&E     Hematoxylin and eosin 
IEL     Internal elastic layer 
LC-MS     Liquid Chromatography – Mass Spectrometry 
LV     Lentivirus 
MFI     Mean Fluorescence Intensity 
MFS     Marfan Syndrome 
MMP(s)      Matrix metalloproteinase(s) 
MRTF     Myocardin-related transcription factor 
MS      Mass spectrometry 
MT4-MMP     Membrane type-4 matrix metalloproteinase 
OPN     Osteopontin 
PBS      Phosphate Buffer Saline 
pH3     Phospho-histone H3 
PFA      Paraformaldehyde 
SHG     Second Harmonic Generation  
SILAC     Stable Isotope Labeling by Amino Acids in Cell Culture 
SMA     Smooth Muscle Actin 
SMC     Smooth muscle cells 
SM-MHC     Smooth Muscle-Myosin Heavy Chain 
SRF     Serum response factor 
TAAD      Thoracic Aortic Aneurysms and Dissections 
TEM     Transmission Electron Microscopy 
TF     Transcription factor 
TGF-β     Transforming Growth Factor-β 
WGA      Wheat Germ Agglutinin 
















Matrix metalloproteinases are a large family of calcium-dependent zinc-containing 
endopeptidases which have been traditionally associated with the degradation and turnover 
of the extracellular matrix (ECM) components (Page-McCaw et al. 2007). Today, MMPs 
are known to play fundamental roles in pathophysiological processes through  proteolytic 
processing of a large variety of molecules acting as direct and indirect regulators of cell 
behavior and microenvironment (Rodriguez et al. 2010).  
The founding member of the MMP family was discovered in 1962, by Gross and Lapiere, 
who reported a collagenolytic activity in tadpole tails during metamorphosis. The 
amphibian tail contained an interstitial collagenase that could degrade fibrillar collagen, 
named as collagenase-1 or MMP-1(Gross and Lapiere 1962). Further research led to the 
discovery of a family of structurally related proteinases in mammals, now referred as MMP 
family (Brinckerhoff and Matrisian 2002).   
 
Matrix metalloproteinases (MMPs) 
MMP structure and domains: MMPs share a conserved domain structure (Figure 1). 
Minimal domain structure consists of a catalytic domain with an active zinc site and an 
autoinhibitory pro-domain. The pro-domain contains a conserved motif (PRCGXPD) in 
which a cysteine (Cys) residue coordinates the active-site zinc of the catalytic domain; this 
pro-domain needs to be destabilized or removed to allow MMP catalytic activation (Page-
McCaw et al. 2007). In this way, MMPs are expressed as latent forms or zymogens that 
need to be catalytically activated; such activation can occur outside of the cell, where the 
pro-domain can be cleaved by other MMPs, serin proteases or plasmin (among others) 
(Treadwell et al. 1986) (Sato et al. 1994), or intracellularly, usually by the pro-hormone 
convertase enzyme furin (Pei and Weiss 1995).The catalytic domain consists of five-
stranded β-sheets and three α-helices that form a spherical pocket, a structure highly 
conserved among MMP members. In fact, the zinc-binding motif HEXGHXXGXXH, 
together with the Cys motif at the pro-domain are used to assign proteinases to the MMP 
family (Visse and Nagase 2003). Most MMPs also present a hinge region and a 
hemopexin-like domain (Page-McCaw et al. 2007). The hemopexin-like domain, a four 
blade-shaped β sheet, is attached to the MMP catalytic domain by a flexible hinge (or 
linker) that is up to 75 residues with no established secondary structure. This hemopexin-
like domain mediates protein-protein interactions participating in substrate recognition and 
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binding of MMPs inhibitors known as TIMPs (tissue inhibitors of metalloproteinases) 
(Page-McCaw et al. 2007). Through these interactions, it regulates activation, localization, 
internalization and degradation of the MMPs (Brinckerhoff and Matrisian 2002).  
In addition to these domains, all MMPs are synthetized with a signal peptide that drives the 
MMP to the endoplasmic reticulum where this peptide is cleaved during transport through 
the secretory pathway (Page-McCaw et al. 2007). 
Most MMP members are secreted proteins, except for seven family members that present a 
hydrophobic domain that binds the metalloproteinase to the plasma membrane (membrane-
type MMPs (MT-MMPs)) (Visse and Nagase 2003). This membrane anchorage could be 
through a transmembrane domain type I with a short cytosolic tail of 20-22 amino acids 
(this is the case of MT1-MMP (MMP14), MT2-MMP (MMP15), MT3-MMP (MMP16) 
and MT5-MMP (MMP24)), a type II transmembrane domain (MMP23) or a 
glycosylphosphatidylinositol (GPI) linkage (Page-McCaw et al. 2007). Only two members 
of the MMPs family are GPI-anchored to the plasma membrane; MT4-MMP (MMP17) and 
MT6-MMP (MMP25) (Sohail et al. 2008).  
Membrane attachment confers diverse properties; first it facilitates MT-MMPs to reach and 
cleave membrane and peripheral proteins as well as closely associated ECM components to 
the membrane, impacting in the pericellular space; second, it localizes MT-MMPs at 
specific membrane domains, together with other transmembrane proteins as specific 
cellular receptors; and third, membrane insertion will confer the regulatory mechanisms 
that serve to control the pool of active protease at the cell surface including endocytosis, 
recycling, autocatalytic processing and ectodomain shedding (Sohail et al. 2008). 
  
Figure 1. MMP family domains 
structure. (a) The figure depicts the 
conserved domains of the MMP family 
members. MMPs can be soluble or 
membrane-anchored by a cytosolic tail or a 
GPI-anchor. (b) Canonical pathway of 
MMP activation. The catalytic activity of 
the MMPs is inhibited by the presence of a 
pro-domain that can be cleaved 
extracellularly or intracellularly.  
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Another characteristic of MT-MMPs is that whereas soluble MMPs needs to be activated 
extracellularly (except MMP11 and MMP28) (Visse and Nagase 2003), MT-MMPs present 
a RXR/KF motif at the end of the pro-domain that furin recognizes and cleaves 
intracellularly, allowing protease activation before membrane tethering (Sohail et al. 2008). 
Once at the membrane, regulation of MT-MMP activity would be mediated by 
internalization, membrane distribution and catalytic inhibition by TIMPs (Page-McCaw et 
al. 2007).  
  
MMP substrates and functions: Traditionally, MMPs has been classified on the basis of 
their specificity of ECM substrates in collagenases, gelatinases, stromelysins and 
matrilysins (Verma and Hansch 2007). However, MMPs are able to cleave all ECM 
proteins. Consequently, MMP functions are not only limited to degradation of structural 
components, but to regulation of cell microenvironment, impacting in cell behavior and 
signaling pathways (Rodriguez et al. 2010) depending on the specific substrate cleavage. 
In this sense, MMP substrates include peptide growth factors, cell adhesion molecules, 
tyrosine kinase receptors, chemokines and cytokines, as well as other MMPs and unrelated 
proteases. In fact, a key role of MMPs is to mobilize growth factors through cleavage and 
release of cytokine masking carrier proteins that block growth factor function and activity. 
This is the case of transforming growth factor-β (TGF-β) and platelet-derived growth factor 
(PDGF) (Page-McCaw et al. 2007).  
Increasing interest in MMPs is due to its upregulation in human pathologies as cancer, 
cardiovascular diseases and inflammatory pathologies as rheumatoid arthritis (Brinckerhoff 
and Matrisian 2002) (Chabottaux and Noel 2007); and different therapies were developed 
to target MMP activity. These therapies however failed, due to the uncomplete knowledge 
about MMP substrates and functions and the lack of a MMP-type specific inhibitor 
(Chabottaux and Noel 2007) (Rodriguez et al. 2010).  
The complexity of MMP physiological and pathological functions derives from its 
multidomain structure, diverse substrate repertoire, differential tissue expression, 
interacting proteins and co-factors and their inhibitory profile, among other processes 
(Rodriguez et al. 2010). Generation of knockout mouse models for the different MMPs 
have been a valuable resort to study the possible function and substrates of the different 
MMPs. Surprisingly, most of the modified mice showed mild phenotypic alterations with 
little matrix remodeling defects. In fact, all MMP-knockout lines survived till birth. Only 
MMP14 (MT1-MMP) deficiency results in postnatal lethality through a non-well defined 
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mechanism. Those deficient mice have multiple abnormalities and are grossly defective in 
the remodeling of the connective tissue since MT1-MMP is the major collagenase 
(Holmbeck et al. 1999) (Zhou et al. 2000).  
The possible explanation for the mild effect of MMP knockout mice models would be 
founded in mechanisms of MMP redundancy, compensation, or adaptive development or 
simply means that MMPs are not essential until embryonic development is completed, 
although further analysis of MMPs role during this process is required (Page-McCaw et al. 
2007).  
 
Membrane Type 4-matrix metalloproteinase (MT4-MMP)  
MT4-MMP (also known as MMP17) was originally cloned from a human breast carcinoma 
cDNA library (Puente et al. 1996). Apart from the expression in different breast tumors, 
MT4-MMP expression was also detected in brain, colon, ovary, testis and leukocytes 
(eosinophils, lymphocytes and monocytes but not neutrophils) (Puente et al. 1996). 
Although discovered 20 years ago, the body of work on MT4-MMP today is still 
surprisingly limited when compared to others MT-MMPs (Sohail et al. 2008).  
 
Structure of MT4-MMP: MT4-MMP structure is depicted in Figure 2 whose main 
particularity is the membrane anchorage through a GPI (Sohail et al. 2008). As in other 
MT-MMPs, the pro-peptide domain is recognized intracellularly by furin and removed, so 
the metalloproteinase would be active at the cell surface (Puente et al. 1996). The catalytic 
center of MT4-MMP is distantly related to other MMPs in terms of residue homology. 
Primary alignment of the catalytic domain of 
MT4-MMP and MT6-MMP (most similar 
MMP member) shows 56% of identity (77% 
of homology); when compared to MT1-MMP 
catalytic domain, MT4-MMP possesses only 
37% identity (50% similarity) (Sohail et al. 
2008). Having into account that sequence 
identity on the catalytic domain among other 
MMP members is more than 65%, this makes 
MT4-MMP a distant member of the MMP 
family (Itoh et al. 1999).  MT4-MMP, as well 
as the other GPI-anchored MT6-MMP, Figure 2. MT4-MMP structure. MT4-
MMP domain structure is depicted showing 
the presence of the distinct protein domains 
and the GPI-anchor. 
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presents a stem region of ≈ 35-45 amino acids that is a linker between the hemopexin 
domain and the GPI-anchorage. This stem region is particularly enriched in hydrophobic 
residues as cysteine (Cys) (Sohail et al. 2008). Recently the MT4-MMP stem region has 
been implicated in the homodimerization of the metalloproteinase by disulfide bond 
formation between Cys564 residues of contiguous molecules during protein maturation. This 
dimerization stabilizes the metalloproteinase at the cellular membrane and is presumably 
necessary for MT4-MMP function (Sohail et al.). 
The GPI anchorage of MT4-MMP to the plasma membrane was first demonstrated in 1999 
by Dr. Seiki’s laboratory (Itoh et al. 1999). The GPI is a lipidic-carbohydrate structure 
composed by 2-3 fatty acids inserted at the plasma membrane that connect to mannose 
residues through a phosphatidylinositol. The distal residue of a mannose is attached to the 
C-terminal protein through an ethanolamide phosphate bridge (Ferguson et al. 2009). Itoh 
et al demonstrated this binding for MT4-MMP through the incorporation of 
[H3]ethanolamine required during the binding of the GPI to the C-terminal amino acid of 
the protease, and the sensitivity of MT4-MMP  to the phosphatidylinositol-specific 
phospholipase C (PI-PLC) in transfected cells (Itoh et al. 1999).  
It is described that MT4-MMP synthesis (Figure 3) likely follows the biosynthetic pathway 
of GPI-anchored proteins (Sohail et al. 2008). MT4-MMP would be synthetized as a 
transmembrane precursor; then the presence of 15 to 20 amino acids stretch highly 
Figure 3. Biosynthetic pathway of MT4-MMP. MT4-MMP synthesis begins at the endoplasmic 
reticulum (ER) where a cytosolic tail is synthetized and the protein is attached to the ER membrane. 
At this location, a transamidase recognizes the protein, cleaves after the hemopexin domain and 
transfers the chain to the GPI-anchorage also present at the ER membrane. The modification of the 
carbohydrates of the GPI allows the bond. The pro-domain is removed during protein maturation at 
the trans Golgi network, by a furin that recognizes the RXR/KR domain. In this location also a 
disulfide bond is established between Cys564 of contiguous MT4-MMP molecules. 
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hydrophobic at the C-terminal tail (corresponding to a GPI signal) would be recognized by 
a transamidase at the endoplasmic reticulum. The transamidase cleaves the C-terminal 
(presumably at the Ala573 residue) and transfer MT4-MMP precursor chain to the pre-
existing GPI molecule that contains 2-3 fatty acids (Cross 1990). The remodeling of these 
2-3 fatty acids from unsaturated to saturated fatty chains occurs, most likely, at the Trans 
Golgi network and is an essential step for the integration of the GPI-anchored protease into 
membrane microdomains enriched in colesterol, glycosphingolipids and proteins receptors 
known as lipid rafts (Cross 1990) (Lingwood and Simons 2010). Lipid raft location of 
MT4-MMP was demonstrated by a sucrose gradient fractionation (Sohail et al. , 2011). 
The presence of this GPI-anchor confers important biological properties as (i) being in 
contact to other GPI-anchored proteins at the membrane (ii) apical sorting (iii) sensitivity 
to phospholipases and (iv) a role in signal transduction (Sohail et al. 2008). Moreover, 
MT4-MMP can be internalized by early endosomes (mediated by the clathrin independent 
carrier/GPI-enriched early endosomal compartment pathway), leading to degradation or 
recycling of the protease, regulating in this way the amount of membrane active MT4-
MMP (Truong et al. 2015). 
 
MT4-MMP substrates: Unlike other MMP members, the lack of a specific MT4-MMP 
substrate(s) makes difficult to investigate its functionality (Sohail et al. , 2011). Early 
studies that attempted to find MT4-MMP substrates were achieved around 1999 using the 
metalloproteinase human recombinant catalytic domain produced in E.Coli (Kolkenbrock 
et al. 1999) (Wang Y. et al. 1999) (English et al. 2000). This kind of assay does not address 
the influence of the membrane insertion and other domains on catalytic activity, or the 
specific location of the protease and its substrates at the cellular sites (Sohail et al. 2008). 
In these experiments, MT4-MMP catalytic domain exerted minimal or no activity against 
many ECM components compared to other MMPs (Kolkenbrock et al. 1999) (Wang Y. et 
al. 1999). Later studies performed with the mouse recombinant catalytic domain of Mt4-
mmp showed proteolytic activity only against gelatin, fibrin and fibrinogen (Wang Y. et al. 
1999) (English et al. 2000) and sensitivity to TIMP 1, 2 and 3 (English et al. 2000), in 
contrast to the rest of the MT-MMPs which are insensitive to TIMP 1 (except for MT6-
MMP) (Sohail et al. 2008). 
Non-ECM substrates were also described for MT4-MMP; α2-macroglobulin (English et al. 
2000) and LRP (low density lipoprotein receptor-related protein) (Rozanov et al. 2004) 
were cleaved by MT4-MMP catalytic domain in vitro. Also, Mt4-mmp showed TNF-α 
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(Tumor necrosis factor-α) convertase activity in vitro (English et al. 2000), however, later 
assays using wild-type and Mt4-mmp-null macrophages showed no TNF-α shedding, 
indicating that Mt4-mmp does not appear to be a major TNF-α sheddase (Rikimaru et al. 
2007). 
Activation of the zymogen of ADAMTS-4 (a disintegrin and metalloproteinase with 
thrombospondin motifs-4) by MT4-MMP has been also described during inflammatory 
cartilage degradation (Clements et al. , 2011). 
The way in which MMP substrates have been analyzed along time has evolved from 
primary digestion assays to cutting-edge proteomics (Rodriguez et al. 2010) that allow the 
identification of processed proteins on a specific cell type/tissue (proteome). This 
technique could be helpful in the identification of possible MT4-MMP substrates as 
previously demonstrated for other MMPs (Koziol et al. 2012). 
 
MT4-MMP expression in tissues and cellular populations: The urge to study Mt4-mmp 
function in vivo lead Dr. Seiki’s laboratory to the generation of an Mt4-mmp-deficient 
mouse line (referred here as Mt4-mmp-/-). They established a constitutive mutant mouse 
strain in which Mt4-mmp genomic sequence was partially replaced by a LacZ cassette 
(Figure 4) (Rikimaru et al. 2007). In particular, Mt4-mmp first exon and part of the first 
intron were targeted by a vector carrying the LacZ cassette with a nuclear localization 
sequence (NLS), resulting in Mt4-mmp expression loss. This strategy also allowed the 
tracking of Mt4-mmp promoter activation following β-galactosidase activity (Rikimaru et 
al. 2007). For the first time, Mt4-mmp  promoter activation could be reported showing high 
levels of Mt4-mmp and LacZ mRNA in brain, lung and uterus; intermediate levels in 
stomach, intestine, spleen, testis and ovary; and low levels in cerebellum, heart, liver, 
kidney, ovary and skeletal muscle in adult mice (Rikimaru et al. 2007). An interesting 
correlation was established between Mt4-mmp and smooth muscle actin (SMA) transcript, 
suggesting that Mt4-mmp was expressed in smooth muscle cells (SMCs) throughout the 
mouse body (as in lung, aorta, stomach, intestine, testis, ovary and uterus). Mt4-mmp 
promoter activation was also confirmed in neurons (in brain locations as cortex, 
hippocampus, caudate putamen) and in isolated peritoneal macrophages (Rikimaru et al. 
2007).  
Despite the high distribution of cells positive to LacZ in the Mt4-mmp-/- mice, no 
histological differences were detected between wild-type and Mt4-mmp-/- mice in any of 
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the analyzed tissues. In fact, Mt4-mmp-null mice showed no apparent pathologies; had 
normal appearance, behavior, life span and fertility (Rikimaru et al. 2007).  
 
 
MT4-MMP physiological functions: In contrast to other MMPs that become upregulated in 
pathological situations, MT4-MMP is highly expressed in physiological conditions in some 
tissues as brain and smooth muscle however few functions are described so far. In brain, it 
has been described that Mt4-mmp plays a role controlling drinking behavior since Mt4-
mmp-/- mice exhibit abnormally diminished thirst (50% decreased water intake compared to 
wild-type). This defect is presumably due to disrupted thirst regulation by the anterior 
hypothalamic area, with no alterations in kidney functionality or hormone secretion 
(Srichai et al. 2011). No vascular role for Mt4-mmp has been addressed so far, however a 
possible function during angiogenesis has been proposed since expression of this 
metalloproteinase have been described in human endometrial endothelial cells (ECs) in 
which MT4-MMP levels correlated to the angiogenic episodes of the menstrual cycle 
(Plaisier et al. 2006, Plaisier et al. 2004). 
Recently it has been analyzed the expression and function of GPI-anchored MMPs during 
development in Zebrafish and Drosophila. In the first, inactivation of mmp17b (the MT4-
MMP ortholog in zebrafish) results in neural crest aberrant migration affecting the dorsal 
root ganglia formation that will become neurons and glia of the sympathetic ganglia and 
adrenal chromaffin cells (Leigh et al. 2013). In the second, Mmp2 (a GPI-bound MMP in 
drosophila) cleaves a glypican (Division abnormally delayed (Dally)-like protein (Dlp)) 
that mediates Wnt signaling impacting on stem cell proliferation (Wang X. and Page-
McCaw 2014).  
Mt4-mmp genomic 
sequence
Exon 1 Exon 2
Targeting vector NLS-LacZ
5’ homology arm 3’ homology arm
Mutant allele
P
P NLS-LacZ Exon 2
Figure 4. Targeting strategy of the Mt4-mmp knockout/knockin mouse model. Mt4-mmp 
genomic sequence was disrupted by homologous recombination with a LacZ cassette codifying 
for the bacterial reporter gene β-galactosidase. In this system, β-galactosidase protein is expressed 
as a fusion protein with a with a nuclear localization signal (NLS) that allows localization at the 
cellular nucleus. The resulting mutant allele expresses the β-galactosidase transcript under Mt4-
mmp promoter control allowing the tracking of the metalloproteinase expression. (Adapted from 
Rikimaru, et al. 2007).  
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MT4-MMP function in pathology: Contrary to the physiological functions, MT4-MMP role 
in pathology has been more extensively addressed (Sohail et al. 2008) (Sounni et al. 2011). 
MT4-MMP has been implicated in inflammatory processes as cartilage ECM degradation 
in osteoarthritis. In this pathology, MT4-MMP expression is induced by the cytokine 
interleukin 1β (IL1 β) that is up-regulated in osteoarthritic cartilage. MT4-MMP acts 
cleaving and activating ADAMTS-4 that is the responsible for aggrecan matrix 
degradation. Deletion of Mt4-mmp in fact protects mice against loss of articular aggrecan 
in response to IL1 β (Gao G. et al. 2004) (Patwari et al. 2005) (Clements et al. , 2011).   
Also increased levels of MT4-MMP were found in cancer, as in breast carcinomas 
(Chabottaux et al. 2006) and head and neck cancer (Huang C. H. et al. 2009). Interestingly, 
in the characterization of the MT4-MMP role in head and neck cancers, a regulation of the 
MT4-MMP promoter by SLUG was discovered. SLUG transcription factor was in turn 
induced by hypoxia-inducible factor-1α (HIF-1α) in hypoxia, suggesting an inducible 
expression of MT4-MMP in cancer cells during hypoxic condition (Huang C. H. et al. 
2009).  
MT4-MMP overexpression in MDA-MB-231 breast cancer cells was shown to promote 
tumor growth and lung metastasis once subcutaneously injected in immunodeficient mice 
(Chabottaux et al. 2006) (Chabottaux et al. 2009). In the same way, expression of MT4-
MMP in squamous cell carcinoma cell line also increased lung colonization after tail vein 
inoculation (Huang C. H. et al. 2009). These results demonstrate that MT4-MMP 
expression promotes experimental metastasis. However, the mechanism(s) by which MT4-
MMP enhances metastasis remains unclear since conflicting results were obtained 
regarding the ability of MT4-MMP to promote in vitro cell migration and invasion 
(Chabottaux et al. 2006) (Huang C. H. et al. 2009). However, MT4-MMP acts as an 
important driver of cancer cell proliferation through induction of epidermal growth factor 
receptor (EGFR) activation and signaling in a non-proteolytic manner; this leads to 
retinoblastoma protein inactivation (Rb) conferring a proliferative advantage to MT4-MMP 
expressing tumor cells (Paye et al. 2014). 
Further analysis of MDA-MB-231 tumor xenograft overexpressing MT4-MMP implanted 
in immunodeficient mice revealed alterations in the tumor vascular architecture; tumors 
presented dilated and leakier vessels compared to non-overexpressing MT4-MMP tumors 
(Chabottaux et al. 2009). MT4-MMP expression by tumor cells in this case affected host 
EC-SMC interaction, impeding pericyte coverage and vessel stabilization and this was 
proposed as the mechanism by which MT4-MMP increases tumor cell metastasis 
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(Chabottaux et al. 2009). During this process, MT4-MMP catalytic activity is responsible 
of the metastatic effect since mutations in the Glu248 residue on its catalytic domain 
significantly decreased tumor lung metastasis. Also, tumor-derived MT4-MMP contributes 
to angiogenesis in a permissive microenvironment (Host et al. , 2012). So, these data 
together with the endometrial expression of MT4-MMP suggest a role of this 
metalloproteinase in angiogenesis and vessel stabilization (Sounni et al. 2011), even though 
the Mt4-mmp-/- does not present any described vascular phenotype (Rikimaru et al. 2007).  
 
 
-Smooth Muscle Cells- 
Smooth muscle tissue is an involuntary non-striated muscle consisting of smooth muscle 
cells (SMCs), also called fibers. The smooth muscle is classified into multi-unit smooth 
muscle and unitary smooth muscle. In the former, each smooth muscle operates 
independently and is innervated by a single nerve ending; therefore, each SMC can 
contract independently from others under the nervous control. This is the case of the ciliary 
muscle of the eye, the iris, and the piloerector muscle at the skin. In the latter, SMCs 
contract together as a syncytium, in which membrane connections allow action potential 
and ion transmission. Unitary smooth muscle is found within the walls of the blood vessels 
(vascular SMCs) forming the media of arteries, arterioles and veins and in the lymphatic 
vessels. Also conform the thick muscular walls of organs (visceral SMCs) of 
gastrointestinal tract, reproductive female and male tracts and uterus, urinary tract and the 
bladder, and the respiratory tract (Guyton 1986).  
 
Arterial vasculature and the vascular smooth muscle cells 
The arterial vessel wall consists of three layers; (i) a monolayer of endothelial cells (EC) 
known as endothelium, longitudinally arranged along the vessel axis, (ii) the media, 
consisting of one or more concentric rings of vascular SMCs and elastin, and (iii) the 
adventitia, an outer layer made of fibroblasts embedded in a collagen matrix (Figure 5) 
(Wagenseil and Mecham 2009). Vascular SMCs are elongated contractile cells that 
synthetize, organize and maintain an ECM that defines the mechanic properties of the 





The arterial vasculature bears the tremendous surge of pressure ejected from the heart 
during systole and conduct the blood flow through it to the resistance vessels that will 
distribute the blood to the different tissues and organs. To achieve this, conductance (or 
conduit) arteries contain a thick elastic media able to store a portion of the stroke volume 
with each systole and discharge that volume with diastole, maintaining a continuous flow 
through the circulatory system (Wagenseil and Mecham 2009). They are able to 
accommodate the large cyclic circumferential stretch generated with the heart pump by the 
extreme compliance and elastic recoil of its wall, without changing the contraction of the 
vascular SMCs (Humphrey et al. 2014). 
The number of vascular SMC-elastic fibers of this media wall is linearly related to 
tensional forces within the wall with the greatest number of vascular SMCs-elastic layers 
occurring in the larger, more proximal vessels to the heart, that experience the highest wall 
tension, as aorta (Wagenseil and Mecham 2009). 
Resistance vasculature however maintains a variable contractile tone generated by the 
vascular SMCs within the wall and is responsible both for the regulation of the blood 
pressure and for the redistribution of blood flow after systole through changes in arterial 
diameter (Heberlein et al. 2009) (Lacolley et al. 2012). In both types of vessels, vascular 
SMCs act as sensors of mechanical environment and preserve mechanical homeostasis by 
modifications in the synthesis/composition and/or arrangement of the ECM or in its own 
contractility (Owens et al. 2004) (Humphrey et al. 2015) (Lacolley et al. 2012).  
 
Arterial vessel wall development: vascular SMC differentiation and maturation  
The development of the arterial vasculature occurs in three phases; first the formation of an 
endothelial tube, second the recruitment of vascular SMCs progenitors that third 
differentiate into vascular SMCs. The interaction established among ECs and progenitor 
Figure 5. Structure of the arterial vessel 
wall. The arterial vessel wall consists of 3 
layers: endothelium, media and adventitia. The 
endothelium is a monolayer of ECs in direct 
contact to blood flow on one side and to the 
internal elastic lamellae on the other. The 
media is composed of vascular SMCs 
embedded in an organized ECM network. 
Vascular SMCs encircle arterial vessels 
together with parallel elastic fibers. The 
external part of the arterial vessels is covered 
by adventitial tissue formed mainly by 
fibroblast/myofibroblast in a collagen network.  
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vascular SMCs will drive the differentiation, maturation and stabilization of the new 
vasculature (Simons and Eichmann 2015).  
Nascent endothelial tubes are generated in the absence of blood flow (before embryonic 
day (E) 8 in mice) from vascular progenitor cells that migrate and proliferate through the 
developing embryo (Adams and Alitalo 2007). Although this processes of vasculogenesis 
and angiogenesis is well described (Adams and Alitalo 2007) (Carmeliet 2005), little is 
known about the subsequent events that create and pattern the arterial wall (Greif et al. 
2012) (Hungerford and Little 1999).   
Recently, Greif et al. described that the arterial wall is constructed radially from the inside 
out, by the study of pulmonary artery (PA) development in mice (Greif et al. 2012). This 
radial construction is based on a PDGF gradient produced by ECs (Gaengel et al. 2009) 
(Greif et al. 2012). From E11.5 to E13.5, vascular SMCs progenitors from lung 
mesenchyme start to express PDGFRβ, migrate closer and elongate longitudinally to ECs. 
These progenitors contribute to the formation of the first vascular SMCs layer through 
longitudinal proliferation and recruitment. Progressively, this first layer of cells acquire 
expression of SM markers as SMA (smooth muscle actin), SM-MHC (smooth muscle 
myosin heavy chain), Sm22α (Smooth muscle 22 alpha) and NG2 (neural/glial antigen 2) 
and downregulate the expression of PDGFRβ. Around E13.5, a second layer of vascular 
SMCs is generated by an equivalent process of progenitor recruitment together with cells 
originated from first layer progenitors division that change its division plane from 
longitudinal to radial oriented. PDGFβ availability (concentration) gets proportionally 
decreased in the developing PA towards the future adventitia, and at ≈E14.5, a third layer 
of mesenchymal progenitors do not complete the vascular SMCs differentiation program 
and become adventitial cells (Greif et al. 2012). It has been proposed that this process of 
recruitment and differentiation is common to all arteries with more than 2 SMC-elastin 
layers as the aorta (Greif et al. 2012). 
This process of progenitor recruitment also needs other molecules as VEGF, sphingosine-
1-phosphate (S1P) and Angiopoietin (Ang)-Tie axis since deficient mouse models in those 
factors present vessels with almost no vascular SMC coverage (Simons and Eichmann 
2015) (Owens et al. 2004). Still other(s) factor(s) need to be identified that would explain 
the changes in mesenchymal progenitors migration and division (Greif et al. 2012).  
At this point of development (E14.5), the definitive pattern of the circulatory system is 
established, so during further vessel wall maturation, the numbers of smooth muscle-elastic 
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fiber layers will not change; the arteries will alter geometry (length, diameter and wall 
thickness) without further changes in patterning (Wagenseil and Mecham 2009). 
The following steps of maturation are mainly driven by TGFβ. TGFβ isoforms (from 1 to 
3) are secreted as latent forms that binds to the large latent TGFβ-binding protein attached 
to ECM components such fibrillin-1. In this way, TGFβ remains inactive and needs to be 
proteolitically activated (Owens et al. 2004). When is released from the ECM, TGFβ 
signaling results in phosphorylation, dimerization and translocation to the nucleus of 
SMAD subunits, transcriptions factors (TFs) that regulate the expression of early 
differentiation markers in progenitor vascular SMCs (Owens et al. 2004). At later stages, 
myocardin or MRTFs (myocardin-related transcription factors), via serum response factor 
(SRF), SMADs and other TFs, enforce and accelerate SMC differentiation and maturation 
by the regulation of the expression of differentiation proteins as calponin, caldesmon and 
SM-MHC (ten Dijke and Arthur 2007). 
Besides the acquisition of contractile proteins, during differentiation and maturation, 
vascular SMCs also synthetize and organize the ECM components, essential for the latter 
vessel wall performance. A mayor increase in ECM protein synthesis occurs at E14.5 with 
high rates of expression of genes related to elastin, collagen, proteoglycans, cadherins and 
integrins (Owens et al. 2004) (Kelleher et al. 2004) and is downregulated once the correct 
pressure in the circulatory system is obtained (≈ postnatal day (P) 35 in mice) (Wagenseil 
and Mecham 2009). 
Unlike other adult tissues, vascular SMCs in the adult vasculature preserve plasticity and 
are able to experience phenotypical switch from a very specialized contractile cell to a 
more synthetically and proliferative active cell called synthetic (Owens et al. 2004). 
Between these two extremes, vascular SMCs exert a spectrum of intermediate phenotypes, 
a  plasticity that allows them to reprogramme its expression pattern and adapt to changes in 
the environment (Lacolley et al. 2012); by remodeling and new synthesis of the ECM, 
proliferation and changes in contractility. When this vascular SMC adaptation is 
misbalanced, arterial pathologies as aneurysms and hypertension occurs (Owens et al. 
2004). The phenotypical switch is controlled by many transcriptional regulatory pathways 
that are common to vessel development and maturation as the ones that implicate PDGF, 
SRF and myocardin  (Owens et al. 2004).  Recently it has been reported that microRNAs 
(miRs) also regulate vascular SMCs differentiation and phenotype by targeting different 
signaling pathways; this is the case for example of miR-143-145 that promotes the 
maintenance of the contractile phenotype (Boettger et al. 2009) (Cordes et al. 2009).  
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Vascular SMC functions  
Vascular SMCs in the arterial vasculature are embedded in a very specialized ECM mesh 
that confers the mechanical properties to the vessel wall and allows cellular 
mechanosensing (Schwartz 2010). 
 
ECM synthesis and organization. The synthesis and organization of a unique ECM by 
vascular SMCs is considered its defining “differentiated” phenotype (Wagenseil and 
Mecham 2009). The ECM is a dynamic structure that vascular SMCs synthetize and 
organize during development, and is continuously suffering adaptive changes. The 
constitutive proteins of the arterial vessels are classified in structural and non-structural 
ECM components (Kelleher et al. 2004). 
Structural ECM proteins: Large structural proteins form the scaffold of the 
arterial vasculature; this is the case of several members of the collagen family, different 
types of proteoglycans and elastin. This scaffold is subjected to high pressure and 
mechanical forces, and this matrix is designed to bear them and to protect the cells within 
the wall from the excessive stress (Wagenseil and Mecham 2009). Mechanical properties 
of the arterial wall mainly rely on fibrillar collagen and elastin fibers that account for the 
approximately 60% of dry weigh in aorta (Humphrey et al. 2015). Elastin is arranged at the 
media in fenestrated sheets called fibers or lamellae. Each fiber encircles the vessel in 
parallel with other elastin fibers. The elastic fiber is a multicomponent structure whose 
main protein in elastin (90%) that forms the core of the fiber, surrounded by microfibrils. 
Elastin is synthetized by SMCs during vessel development (around E14.5 in mice) from 
monomers of tropoelastin (Wagenseil and Mecham 2009) that contain hydrophobic 
sequences alternating with lysine-containing cross-linking motifs. In the extracellular 
space, tropoelastin monomers self-assembly in a process denominate coacervation. Then, 
lysil oxidase enzymes cross-link between and within tropoelastin monomers (Arribas et al. 
2006) and needs to associate with parallel microfibrils that provide a scaffold for this cross-
linking (Wagenseil and Mecham 2009). Microfibrils are constituted by fibrillin family 
proteins (fibrillin (Fbn) 1 and 2) and fibulins (fibulin 1, 4 and 5) (Kielty et al. 2002). The 
resulting elastin polymer is the functional form of the protein and is maintained along life 
(elastin half-life once cross-linked is around 50 years in humans) (Arribas et al. 2006). 
In addition to the essential mechanical role, elastin also contributes to a contractile and 
quiescent vascular SMCs phenotype (Karnik et al. 2003). During aortic wall development, 
a proper elastin fibers organization that connects to the cells inhibits vascular SMC 
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proliferation as demonstrated in elastin (Eln) knockout mice that die by overproliferation of 
vascular SMCs that finally occlude the aortic lumen (Wagenseil and Mecham 2009). 
Elastic fibers also control growth factor availability since some microfibril components as 
fibrillin-1 sequester latent TGF-β (Hynes 2009). 
Located between elastic fibers are collagen fibers that confer strength and stiffness to the 
arterial vessel wall. The two primary types of collagen in the arterial wall are fibrillar 
collagen I and III, the former is found mainly in the adventitia and the latter in the media 
(Humphrey et al. 2015). These collagen bundles show no definitive overall arrangement at 
low pressure but became circumferentially aligned as pressure increases to support wall 
tension and restrict aortic distension (Wagenseil and Mecham 2009). In fact, adventitial 
collagen acts as a protective sheath, bearing wall stress during acute increases in pressure, 
thus shielding medial SMCs from excessive stress (Humphrey et al. 2015). Opposite to 
elastin, collagen fibers in the aorta have a short half-life (perhaps months), and continuous 
collagen turnover is necessary for vessel homeostasis and needs to adapt in response to 
mechanical changes or responses to injuries (Humphrey et al. 2015).   
Of the remaining percentage of arterial vessel wall composition, approximately 35% of the 
wall consists of vascular SMCs and between 3 to 5% is constituted by glycosaminoglycans 
that contribute to the compressive stiffness (Humphrey et al. 2015) and regulate SMC 
proliferation and differentiation and collagen fibrillogenesis (Kelleher et al. 2004). 
Non-structural ECM proteins: In addition to the structural proteins, vascular cells 
must produce matrix macromolecules that are important for cell movement, polarization, 
and anchorage. These molecules, which include adhesive glycoproteins such as fibronectin, 
basement membrane components (laminin, nidogen), and the matricellular proteins that 
modulate cell–matrix interactions, provide important informational signals to cells that can 
influence gene expression and cellular function (Kelleher et al. 2004).  
Matricellular proteins are a group of extracellular proteins, mediators in ECM-cell 
communication, that act as bridge between matrix proteins and the cells by binding to cell 
surface receptors as integrins (Humphrey et al. 2015). Among these are thrombospondins, 
tenascin protein family, SPARC/osteonectin and osteopontin (Kelleher et al. 2004).  
Osteopontin: Osteopontin (OPN, also known as spp1, secreted phosphoprotein 1) 
is a multifunctional protein that belongs to the small integrin-binding N-linked 
glycoprotein (SIBLING) family. OPN is predominantly a secreted phosphorylated protein 
although an intracellular form has also been described (Zohar et al. 1997). As a bridge 
protein, OPN presents several domains (Figure 6) implicated in cellular and ECM binding: 
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(1) an arginine-glycine-aspartate (RGD)-containing domain that interacts with cell surface 
integrins (αvβ1, αvβ3, , αvβ5, αvβ5, α8β1) (2) SVVYGLR cryptic domain that mediates the 
binding to α9β1, α4β1, and α4β7 and is exposed after cleavage, and (3) the 
ELVTDFPTDLPAT sequence, reported to bind to α4β1 (Scatena et al. 2007). On the other 
hand, through heparin sulfate binding-domains OPN also interacts to ECM components as 
fibronectin and collagen although the sequences implicates in these interactions are not yet 
established (Liaw et al. 1998) (Scatena et al. 2007). The association to elastic fibers has 
also been proposed based on the positive OPN immunostaining observed in elastin fibers 
by immunogold (Baccarani-Contri et al. 1995, Pasquali-Ronchetti and Baccarani-Contri 
1997).  
Figure 6. Osteopontin domains and modifications. Human Osteopontin 
(OPN) is depicted. Integrin binding domains are highlighted in colors and 
specific integrin interaction are indicated under the domains. Thrombin and 
MMP cleavage sites on OPN are highlighted also showing the generation of 
OPN N- and C-terminal fragments with different biological activity. 
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OPN function is to promote cell adhesion and to facilitate cell migration or survival 
through integrin/CD44 binding (Cho et al. 2009) (Okamoto 2007). Particularly, OPN is 
essential for SMC migration and adhesion mainly through αvβ3 interaction (Kazanecki et al. 
2007a). These adhesive properties that determine the function, activity and signaling of 
OPN are regulated by cleavage, phosphorylation and glycosylation (Kazanecki et al. 
2007a). OPN can be cleaved by thrombin, plasmin and cathepsin D and also is a substrate 
for MMP2, 3, 7, 9 and 12 producing two fragments with different activity (Scatena et al. 
2007) (Agnihotri et al. 2001) (Christensen et al. 2010). Usually, the N-terminal OPN 
fragment generated after cleavage exerts increasing cellular binding either by the 
exposition of the cryptic site or by the increased in RGD accessibility. For example, N-
terminal fragment generated by thrombin (Arg168-Ser169) exposes the SVVYGLR cryptic 
site in human (SLAYGLR in mouse), making the OPN N-terminal fragment more active in 
integrin binding than the full length OPN (Scatena et al. 2007). However, MMPs cleave at 
3 different residues of the full length OPN including Gly166-Leu167 of the SVVYGLR 
human sequence, compromising α4/α9 integrin binding of the resultant N-terminal OPN 
(Agnihotri et al. 2001) (Wolak 2014). On the other hand, the OPN C-terminal fragment is 
able to inhibit N-terminal OPN binding to αvβ3 integrin (Christensen et al. 2012). 
Proteases as thrombin fully degrades the C-terminal OPN impeding this C-terminal activity 
(Christensen et al. 2012).  
In the arterial vessel wall OPN is expressed by ECs and vascular SMCs. In 
proinflammatory conditions it is also expressed by different inflammatory cells as 
macrophages (Okamoto 2007). In this regard, OPN levels are low in adult vessels 
(Bruemmer et al. 2003) (Isoda et al. 2002), and became upregulated in pathologies 
(Okamoto 2007) (Scatena et al. 2007) including hypertension, atherosclerosis, myocardial 
remodeling after infarct, vascular calcification and aneurysms (Okamoto 2007) (Scatena et 
al. 2007) (Bruemmer et al. 2003). As a matter of fact, OPN plasma levels are significantly 
associated with the presence and the extent of cardiovascular diseases (Golledge et al. 
2007). In such cases, OPN expression can be induced by growth factors as TGFβ, PDGF 
and angiotensin II (Cho et al. 2009). 
The generation of genetic modified mouse models of OPN shows the impact of OPN in the 
physiology of the vessel wall. Opn-null mice present decreased blood pressure values and 
more dilated vasculature in response to pressure, partially due a loosely organized collagen 
network when compared to wild-types (Myers et al. 2003). In a model of OPN transgenic 
mice, however, elastic fibers were destroyed in the adult aorta, and showed an increased 
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wall thickness (Isoda et al. 2002).  Both examples show the physiologic role of OPN 
regulating ECM organization and cell behavior directly impacting in vessel wall 
homeostasis. 
  
Vascular SMC mechanosensing and vessel wall adaptations: The arterial vessel wall is 
exposed to cyclic mechanical force, the ECM in which vascular SMCs are embedded bears 
most of the stress protecting the cells but also allows them to sense and respond to this 
forces (Schwartz 2010) (Humphrey et al. 2014). Vascular SMCs organized the ECM in a 
way that mechanical forces will be transmitted through the ECM scaffold to membrane 
integrins and the cellular cytoskeleton. In this way, SMCs sense the mechanical state of 
this matrix and transduce this information to intracellular signaling pathways directed to 
provide suitable compliance and yet sufficient strength to the vessel wall (Figure 7) 
(Wagenseil and Mecham 2009) (Humphrey et al. 2015). 
Integrins are heterodimeric transmembrane complexes clustered at vascular SMC 
membrane in dense plaques/focal adhesions (Ross et al. 2013).  In particular, vascular 
SMCs express α1β1, α2β1, α3β1, α5β1, α7β1 and αvβ3 integrins. Some of them, as α5β1 and αvβ3 
integrins allow direct connection to elastic fibers through fibrillin-1 binding. These 
microfibrils tend to align coaxially to actomyosin fibers within the cells (Davis 1993). 
Therefore, depending on integrin expression and binding to different ECM components, 
cellular behavior can be altered, i.e. some integrins promote contractile phenotype through 
binding to laminin (α7β1) and others synthetic phenotype through fibronectin binding (α5β1, 
αvβ3, and αvβ5) (Humphrey et al. 2015). Apart from integrins, mechanosensing is also 
Figure 7. The mechanotransduction system in the arterial vessel wall. Contractile and 
cytoskeletal filaments containing actin and myosin contact the cytosolic tail of integrin at the 
membrane through adaptor proteinas (as talin, vinculin and filamin A). Integrins are membrane 
receptors that interact with different ECM components (as fibrillin present at the elastic fibers) 




mediated by membrane receptors as tyrosine kinase (eg, receptors epidermal growth-factor 
(EGF) and PDGF), serine-threonine (eg, TGF-β receptors type I and II) and G-coupled 
receptors (angiotensin II type I receptor) and stretch-activated cationic channels 
(Humphrey et al. 2015).  
In physiological situation, the strain on the ECM stretches the vascular SMCs and 
generates a response of collagen synthesis. High-flow also increases endothelial cell shear 
inducing nitric oxide (NO) production. NO triggers vascular SMC relaxation, MMP 
synthesis, inhibits SMC proliferation and ultimately, induces apoptosis. Low-flow however 
induces mitogenic and fibrogenic growth factors production, such as PDGFβ, increasing 
vascular SMC proliferation, collagen synthesis/crosslinking and MMP production (Ward et 
al. 2000) This vessel remodeling is a homeostatic response to changes in the flow and 
circumferential stretch to restore normal shear stress and wall tension, respectively 
(Wagenseil and Mecham 2009).  
 
 
Vascular SMC alterations in vascular pathologies  
Vascular SMCs phenotypical adaptations in response to local environment signals consist 
on changes in their proliferation, migration, ECM synthesis, inflammatory signals 
production and/or cell calcification aimed at vessel wall homeostasis recovery (Owens et 
al. 2004).  
Acute stimuli (i.e. increased blood pressure) produce a temporal adaptation of its 
phenotype, whereas chronic stimuli (i.e. sustained high blood pressure levels; 
hypertension) induce long term variations on vascular SMC gene expression and cell 
behavior. Pathological processes as hypertension, atherosclerosis (AT) and aneurysms rely 
on continuous changes in vessel wall homeostasis that have a direct impact in vascular 
SMC phenotype, together with other cell types alterations as ECs and macrophages 
(Lacolley et al. 2012). In this sense, during hypertension, for example, resistance 
vasculature contracts to encircle increased pressure and avoid dilation. If sustained, this 
stimulus led vascular SMCs to contract and synthetize an ECM composed mainly by 
collagen fibers that result in increased vessel wall stiffness. As a result, peripheral 
resistance is increased. Vessel remodeling in this case results in maladaptation that finally 
produces higher blood pressure levels and, if sustained, cardiac hypertrophy (Briones et al. 
2010) (Renna et al. 2013) (Intengan and Schiffrin 2001).  
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During aneurysm generation however, vascular SMCs are unable to adapt vessel wall 
hemodynamics and these pathological distensions are generated by the overcome of the 
arterial wall strength. Aortic aneurysms accounts for 1-2% of deaths in industrialized 
countries. Most common forms, abdominal aortic aneurysms (AAA), are typically 
associated with age and metabolic problems, on the contrary, thoracic aortic aneurysms 
(TAA) afflict young people too and arise primarily from noninflammatory mechanisms that 
often are associated to hereditary influences (Lindsay and Dietz 2011) (Humphrey et al. 
2014). In TAA, the progressive dilatation of the aorta can cause acute dissection and 
rupture (TAAD), causing life-threatening bleeding. This aortic wall weakening relies on 
dysfunctional mechanosensing and improper ECM remodeling by the vascular SMCs 
(Humphrey et al. 2015). In fact, the genetic mutations that predispose patients to TAADs 
affect as much structural components as cellular force generation and transmembrane 
structures that transduce mechanical stimuli (Humphrey et al. 2014). In this way, it has 
been described mutations in collagen type III (COL3A1), fibrillin-1 (Marfan Syndrome, 
MFS), SMA, SM-MHC, and TGF-β signaling pathways among other molecules 
(Humphrey et al. 2015). Although there is not a good defined mechanism of TAA 
generation, one possibility that explains how different mutations gets to the same 
phenotype is that a misinterpretation of high stress suffered by the vessel wall, due to 
alteration in the mechanosensing apparatus, would lead to the formation of defective 











Matrix metalloproteinases (MMPs) regulate extracellular matrix organization and are 
implicated in several pathologies. Mt4-mmp promoter is active in vascular SMCs with 
undescribed functions or substrates so far. We decided to study the possible role of this 
metalloproteinase in the pathophysiology of the arterial vessel wall using the Mt4-mmp-
null mouse model. 
We proposed the following specific aims: 
 
1.- Define the role of Mt4-mmp in the arterial vessel wall by the study of the Mt4-mmp 
null mouse arterial vasculature; 
2.- Identify and validate the possible Mt4-mmp substrates in the arterial vessel wall; 




























 MATERIALS AND METHODS 
 
Animal model. Mt4-mmp-/- mice in the C57BL/6 background have been described 
previously (Rikimaru et al. 2007). Mice were handled under pathogen-free conditions in 
accordance with CNIC institutional guidelines. Experiments were performed in accordance 
with Spanish legislation on animal protection and were approved by the local governmental 
animal care committee. All mice were genotyped by PCR of tail samples using the 
following primers: Mt4-mmp SK1 5’-TCAGACACAGCCAGATCAGG-3’ SK2 5’- 
AGCAACACGGCATCCACTAC-3’ and SK3 5’-AATATGCGAAGTGGACCTGG-3’. 
Experiments were conducted on mice in three age groups: embryos (E10.5 to E18.5), 
neonates (P0 to P30), or male adults (8- to 26-weeks old).  
 
Patient population. The study protocol was approved by the Committee for the Protection 
of Human Subjects at the University of Texas Health Science Center at Houston, and the 
study participants gave informed consent. Genomic DNA was extracted from peripheral 
blood lymphocytes using standard protocols. 
 
EXPERIMENTAL PROCEDURES 
Histological, LacZ and immunohistochemical studies. Aortas were excised after 
perfusion under constant pressure with 4% PFA, 2% sucrose in PBS (pressure-fixed aortas) 
or perfusion with PBS alone (non-pressure-fixed aortas). Aortas were then either embedded 
directly in OCT or further fixed for 12 hours and embedded in paraffin. Paraffin-embedded 
aorta cross-sections (7 µm) were stained with H&E, picrosirius red, alcian blue or 
Verhoeff-van Gieson stain. Aortic medial thickness, density of nucleus, lumen area, and 
elastin lamellae number were measured and quantified using MetaMorph software 
(Molecular Devices LLC. Sunnyvale, California). Aortic medial thickness was 
independently analyzed by two researchers blinded to sample identity. For LacZ analysis, 
OCT frozen sections (5 µm) of vessels and embryos were fixed in 0.125% glutaraldehyde 
in PBS for 5 minutes, rinsed in PBS and incubated at 37°C overnight in X-gal buffer (5 
mM potassium ferrocyanide, 5 mM potassium ferricyanate, 2 mM MgCl2 and 0.1% X-gal 
in PBS). Immunohistochemical staining for Mt4-mmp (PAB4785, Abnova, Taipei, 
Taiwan) was performed on OCT sections fixed in 4% PFA, 2% sucrose for 7 minutes; for 
SM-MHC (BT-562, Biomedical Technologies Inc., Alfa Aesar, Ward Hill, USA), calponin 
 37 
 
(E798Y clone, ab46794, Abcam, Cambridge, UK), and anti- pH3 (06-570, Millipore, 
Billerica, USA), OCT sections were first permeabilized with 0.1% Triton X-100 for 5 
minutes. Sections were then processed for incubation with specific secondary antibody and 
Hoechst stain. pH3-positive medial aortic cells were quantified by counting the number of 
positive vascular SMCs per transverse section. One to five sections were analyzed per 
mouse. For GFP analysis, overnight fixed (4% PFA) aortas were embedded in OCT and 
sections were stained with anti-GFP antibody (ab13970, Abcam). For analysis of aortas in 
embryos, E14.5 embryos were perfused and fixed overnight in 4% PFA, 2% sucrose 
solution followed by 30% sucrose solution for 3 hours. OCT sections were stained for Opn 
(AF808 polyclonal antibody, R&D, Minneapolis, USA), βGal (ab4761, Abcam), phospho-
JNK (9255, Cell signaling, Danvers, USA) and CD31 (MAB1398Z, Millipore) followed by 
the specific secondary antibody (Alexa Fluor, Invitrogen). Images were acquired with Zeiss 
LSM 700 confocal microscope at 21-23ºC using 25X (LD LCI Plan Apo 25X/0.8) and 63X 
(Plan Apo 63X/1.4 oil DICII) objectives. Images were analyzed using Zen 2011 software 
(Zeiss, Jena, Germany) and maximal projections are shown (25X magnification). 
Quantification of phospho-JNK was performed using MetaMorph software.  
 
RNA purification and quantitative reverse transcriptase PCR (Q-RT-PCR). Total 
RNA was isolated from E14.5 embryonic aortas, neonate or adult aortas, or cultured cells 
with the RNeasy® Mini Kit (Qiagen, Venlo, Netherlands). Aortas were first placed in lysis 
buffer and disrupted with sterile ceramic beads using a MagNA Lyser (Roche), with two 
rounds of 6500 rpm for 30 seconds each, with care taken to maintain the sample cold. RNA 
was quantified by spectrophotometry (ND1000 Spectrophotometer, NanoDrop, (Thermo 
Scientific, Wilmington, USA)) and RNA integrity was monitored by ethidium bromide 
staining after agarose gel electrophoresis. cDNA was synthetized from 1 µg of total RNA 
using the Qiagen Omniscript RT Kit (Qiagen). For determination of Mt4-mmp and LacZ 
expression in aortas the following primers were used in RT-PCR: mMt4-mmp: FW 5’-
GAGTGGCTAAGCAGGTTTGG-3’, RV 5’-TCCTCTTGCTCCATTTGGTT-3’ and lacZ: 
FW 5’-ATCGTGCGGTGGTTGAACTG-3’, RV 5’-TGCTGACGGTTAACGCCTCG-3’.  
Q-RT-PCR was performed using TaqMan probes for mouse (m) Mt4-mmp (Mm00449292), 
human (h) MT4-MMP (Hs00211734), mMt1-mmp (Mm01318966), mMt6-mmp 
(Mm0139189), mCnn1 (Calponin) (Mm00487032) and mTgfβ2 (Mm00436955) in an ABI 
PRISM® 7900HT FAST Q-RT-PCR System. All samples were analyzed in triplicate, and 
RNA levels (CNRQ; calibrated normalized relative quantity) were obtained with 
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Biogazelle qBase PLUS software. For mouse analysis, mGapdh (99999915), mTbp 
(00446973) and mHprt (00446968) probes were used for normalization (Taqman). For 
human analysis, hTFRC (00951083_m1), hHMBS (00609297) and hTBP (00427621) 
housekeeping genes were used. SYBR green (Applied Biosystems, Carlsbad, USA) was 
used in the evaluation of contractile markers, Opn and in the study of MMPs and TIMPs 
expression. SYBR probes for the mouse genes were as follow: 
Gene name Forward primer (5’-3’) Reverse primer (5’-3’) 




Spp1 (Opn) AGCAAGAAACTCTTCCAAGCAA GTGAGATTCGTCAGATTCATCCG 
Mt1-mmp CAGTATGGCTACCTACCTCCAG GCCTTGCCTGTCACTTGTAAA 
Mt6-mmp CTCCTGCCCGTCTCTACTACC GACCTTCGCATCGGGATTCTG 
Mmp2 CAAGTTCCCCGCCGATGTC TTCTGGTCAAGGTCACCTGTC 
Mmp3 GGCCTGGAACAGTCTTGGC TGTCCATCGTTCATCATCGTCA 
Mmp7 CTTACCTCGGATCGTAGTGGA CCCCAACTAACCCTCTTGAAGT 
Mmp19 CTGTGGCTGGCATTCTTACTT GGGCAGTCCAGATGCTTCC 
Timp1 GCAACTCGGACCTGGTCATAA CGGCCCGTGATGAGAAACT 
Timp2 TCAGAGCCAAAGCAGTGAGC GCCGTGTAGATAAACTCGATCTC 
Timp3 CTTCTGCAACTCCGACATCGT GGGGCATCTTACTGAAGCCTC 










Protein extraction and western-blot analysis. Protein extracts were obtained from cell 
cultures as described (Sohail et al.). Briefly, cell monolayers were covered with cold lysis 
buffer (25 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1% IGEPAL CA-630 and 60 mM Octyl 
glucoside) supplemented with 20 mM N-ethylmaleimide (NEM, Sigma-Aldrich) and 
protease inhibitors (Complete, Mini, EDTA-free, Roche). Descending aortas were 
disrupted with MagNA Lyser (Roche) in cold regular RIPA buffer or the specific Tris-
based lysis buffer described above. Proteins (50 to 150 µg) were resolved by 7-12% SDS-
PAGE in reducing or non-reducing conditions and transferred onto nitrocellulose 
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membranes (0.45 µm, Bio-Rad, Hercules, California). Antibodies against MT4-MMP 
(EP1270Y clone, ab51075, Abcam,), calponin (E798Y clone, ab46794, Abcam), SMA 
(ab5694, Abcam), tubulin (ab6160, Abcam,) and β-actin (A5441, Sigma-Aldrich,) were 
used at 1:1000 dilution. For Opn analysis in E14.5 embryos a pool of 8-to-10 aortas or a 
piece of cartilage were disrupted as before and resolved on 4-20% gradient gels (Bio-Rad). 
Antibody to Opn (18621, IBL, Fujioka, Japan) and was used at a 1:1000 dilution at 4ºC 
overnight. Immunoreactive proteins were visualized with corresponding fluorochrome-
conjugated secondary antibodies (680 or 800 ODYSSEY IRDye®) and recorded by Licor 
Odyssey technology. Quantification of western-blot bands was performed using 
ODYSSEY software (LI-COR Biosciences, Lincoln, USA). 
 
Myography experiments. Contractility of mouse aorta and first-order branches of the 
mesenteric artery was studied in a wire myograph as previously described (Martinez-
Revelles et al. 2013). After a 30-min equilibration period in oxygenated KHS, arterial 
segments were stretched to their optimal lumen diameter for active tension development. 
Contractility of segments was then tested by exposure to a high-K+ solution (K+-KHS, 
120). The presence of endothelium was determined by the ability of 10 M acetylcholine 
(ACh) to relax arteries pre-contracted with phenylephrine at 50% K+-KHS contraction. 
Afterward, concentration–response curves to Ach were done. Vasodilator responses were 
expressed as a percentage of the previous tone generated by phenylephrine. The structural 
and mechanical properties of mesenteric resistance arteries were studied with a pressure 
myograph (Danish Myo Tech, Model P100, J.P. Trading I/S, Aarhus, Denmark). Briefly, 
the vessel was placed on two glass microcannulae and secured with a nylon surgical suture. 
After tying off any small branches, vessel length was adjusted so that the vessel walls were 
parallel without stretch. Intraluminal pressure was then raised to 120 mmHg and the artery 
was unbuckled by adjusting the cannula. The segment was then set to a pressure of 70 
mmHg and allowed to equilibrate for 30 minutes at 37ºC in calcium-free KHS (0Ca2+-
KHS, prepared by omitting calcium and adding 10 mM EGTA). Intraluminal pressure was 
reduced to 3 mmHg. A pressure-diameter curve was obtained by increasing intraluminal 
pressure in 20 mmHg steps between 3 and 120 mmHg. Internal and external diameters 
were continuously measured under passive conditions (Di0Ca, De0Ca) for 3 minutes at each 
intraluminal pressure. The final value used was the mean of the measurements taken during 
the last 30 seconds, when the measurements reached a steady state. Finally, the artery was 
set to 70 mmHg in 0Ca2+-KHS, pressure-fixed with 4% PFA in 0.2 mM phosphate buffer 
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[pH 7.2-7.4] at 37ºC for 60 minutes, and kept in 4% PFA at 4ºC for confocal microscopy 
studies. Passive structural and mechanical parameters were calculated from internal and 
external diameter measurements in passive conditions as follows: wall thickness, WT 
=(De0Ca-Di0Ca)/2 and circumferential wall stress ((σ= (P x Di0Ca)/(2WT), where P is the 
intraluminal pressure (1 mmHg = 1.334 x 103 dynes/cm2) and WT is wall thickness at each 
intraluminal pressure in 0Ca2+-KHS. The content and organization of elastin and the 
number of vascular SMCs in mesenteric arteries were studied in pressure-fixed (70 
mmHg), maximally relaxed intact segments using a confocal microscope (Briones et al. 
2009). Briefly, stacks of images from the adventitia to the lumen (z step= 0.5 µm) were 
captured using the 488-nm line of the confocal microscope. A minimum of 2 image stacks 
from different regions was captured in each arterial segment. All the images were taken 
under identical conditions of laser intensity, brightness and contrast. Quantitative analysis 
was performed with MetaMorph image analysis software (Briones et al. 2009). Internal 
elastic lamina (IEL) thickness was measured from each stack of serial images. Thereafter, 
individual projections of the IEL were reconstructed and total fenestrae area was measured.  
Magnetic resonance imaging. Magnetic resonance images were obtained in anesthetized 
adult mice (12 weeks old) using a Bruker Biospec 47/40 instrument (60 mm gradient, 35 
mm internal diameter quadrature coil). Images were taken every millimeter in the 
descending thoracic and abdominal aorta and the lumen area was measured using Image J 
(NIH, http://imagej.nih.gov/ij/), (Schneider et al. 2012) and OsiriX software (Geneva, 
Switzerland). 
 
Hemodynamic measurements. Tail cuff measurements of blood pressure were taken in 
groups of 10 mice per genotype and condition, using BP2000 (Visitech Systems, Apex, 
USA). Ten recordings of each conscious mouse were obtained after one week of training 
over 5 consecutive days at the same hour of the day. Average values were calculated for 
each mouse from the measurements recorded over the 5 days.  
 
Transmission electron microscopy. Mice were anesthetized and trans-cardially perfused 
with Sörensen solution [pH 7.3] at 100 mmHg pressure (50 ml) followed by fixation 
solution (50 ml PBS containing 4% PFA and 1% glutaraldehyde) using a peristaltic pump 
(Dynamax, Rainin RP1, Mettler Toledo, Greifensee, Switzerland). Dissected arteries were 
additionally fixed in the same solution for 16 hours. Arteries were then embedded in resin 
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(Durcupan ACM Fluka, Sigma-Aldrich) for transverse or longitudinal sectioning, and 
ultrathin sections were cut and counterstained by the Electron Microscopy core (SIdI 
service) at the Universidad Autónoma de Madrid (Madrid). Sections were imaged using a 
transmission electron microscope (Jeol Jem 1010, 80Kv, Jeol Ltd. Tokyo, Japan) and 
recorded with a Gatan camera (Orius, SC200, Pleasenton, California) at the indicated 
magnifications. Vascular SMC phenotype was determined according to reported criteria 
(Boettger et al. 2009). Thoracic descending aortas and mesenteric arteries of adults or 
neonatal mice of each genotype and condition were visualized and used for morphological 
and ultrastructural analysis and for quantification of medial thickness in the case of the 
mesenteric arteries, with MetaMorph software.  
  
Vascular SMC isolation and culture. Six to eight aortas from 8-week-old male mice were 
pooled to obtain a cell suspension (Fogelstrand et al. 2009). Briefly, after fat removal under 
a microscope, aortas were incubated in collagenase solution (collagenase type I, 3.33 
mg/ml, Worthington, Lakewood, USA) for 5 minutes at 37ºC, allowing the removal of the 
adventitia with forceps. The aortas were then cut into small pieces (1-2 mm) and a cell 
suspension was obtained by incubation for 45 minutes at 37ºC in 6 mg/ml type I 
collagenase and 2.5 mg/ml elastase (Worthington) diluted in DMEM. Vascular SMCs were 
counted and cultured or used for flow cytometry. To check vascular SMCs size and 
complexity by flow cytometry, a cellular suspension was immunolabeled with CD31 
(Millipore MAB1398) to allow exclusion of endothelial cells and analyzed in a flow 
cytometer (Fascanto II, BDBiosciences) equipped with FACs DiVa software to determine 
size and complexity. Cultured vascular SMC were plated on 0.02% gelatin-coated plates in 
DMEM supplemented with 20% fetal bovine serum (FBS) (Gibco, Invitrogen), 2 mM L-
glutamine (Lonza, BioWhittaker, Basel, Switzerland), 0.1 mM nonessential amino acids 
(Sigma-Aldrich) and penicillin (50 UI/ml), streptomycin (50 μg/ml) (P/S) (Lonza, 
BioWhittaker). To perform monocultures to test Mt4-mmp expression, endothelial cells 
(mouse aortic endothelial cells, MAEC) were positively selected from the SMC culture 
with an antibody to intercellular adhesion molecule 2 (anti-ICAM-2; 553325 BD 
Biosciences, Franklin Lakes, USA) coupled to magnetic beads, and were cultured as 
indicated (Koziol et al. 2012). Macrophages were differentiated from bone marrow cells by 
treatment for 5 days with MCS-F  (PeproTech) (10 ng/ml) in IMDM medium (Lonza) 
supplemented with 10% FBS. Vascular SMC morphology was analyzed at passage 0 by 
fixing cultures in 4% PFA, 2% sucrose for 10 minutes and staining with Texas Red®-X-
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phalloidin (1:200; Invitrogen). Total cell area and shape factor or roundness 
(4πArea/Perimeter2) were calculated by masking with MetaMorph software. Lentiviruses 
encoding GFP (Mock), N-term Opn or full-length Opn (see below) were incubated for 5 
hours at 1-10 MOI (multiplicity of infection) with cultured vascular SMC (passage 0). 
After virus removal, GFP signal was analyzed at 24 h and 48 h (maximum of protein 
generation) after infection. Cells were fixed 48 h after virus infection in 4% PFA for 10 
min and washed with PBS. Vascular SMC area and shape factor were evaluated in GFP-
positive cells by analysis of confocal maximal projections (Zeiss LSM 700 confocal 
microscope) with Image J (NIH, http://imagej.nih.gov/ij/) (Schneider et al. 2012). Shape 
factor (or roundness) values close to 1 indicate a circular form, whereas values closer to 0 
indicate an elongated object.  
 
Second harmonic generation multi-photon microscopy. Autofluorescence of organized 
collagen (425-465 nm filter) and elastin auto-fluorescence (478-573 nm filter) was 
visualized in fresh aortic sections from wild-type or Mt4-mmp-/- adult mice with a Zeiss 
LSM 780 microscope (Spectra-Physics Mai Tai DS [pulse<70 ps] Laser). 3D rendering 
reconstruction of aorta thickness (Z stack between 35 and 54 µm) was performed using 
Imaris software (Bitplane, Switzerland). 
 
Angiotensin II infusion by miniosmotic pump. 16-week-old mice were administered 
with angiotensin II by subcutaneous osmotic minipump infusion (Alzet DURECT 
Corporation, Cupertino, USA) as described previously (Esteban et al. 2011). Angiotensin II 
(Sigma-Aldrich) was administrated at 1 µg/kg/min during 28 days and blood pressure was 
monitored once a week by tail cuff. Aortic lumen diameter of ascending thoracic aorta and 
abdominal aorta was analyzed by high-frequency ultrasound with the VEVO770 system 
(VisualSonics, Toronto, Canada) For lumen diameter in thoracic ascending aorta, 
measurements after the valsalva sinus were performed. TAA was defined as > 25% 
increase in aortic arch intraluminal diameter together with the presence of the following 
histological features:  breakage and loss of elastin fibers, inflammatory infiltrate in the 
adventitia and/or media, vascular SMC loss, and thickening of the media on one side and 
thinning on the opposite site of the aortic section (Kanematsu et al. 2010). The abdominal 
aortic lumen diameter was measured approximately 1 cm before renal bifurcation. AAA 
was defined by intraluminal diameter of the abdominal aorta (suprarenal area) ≥ 1.3 mm 
together with  the presence of pronounced ECM remodeling and thrombus (Daugherty et 
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al. 2001). After perfusion with 4% PFA and 2% sucrose in PBS, aortas were embedded in 
paraffin for histological analysis. 
 
Carotid artery ligation. The left carotid artery was ligated as described previously 
(Kumar and Lindner 1997). Twenty-eight days later, mice were anesthetized and perfused 
with PBS (5 ml) and left and right carotid arteries were excised, embedded in OCT and 
frozen (for LacZ staining) or further fixed overnight in  4% PFA (5 ml, for 3 minutes), and 
embedded in paraffin. Ligated vessels were sectioned from the aortic arch to the beginning 
of the ligature, and morphometric analysis was performed along the whole vessel length 
(approximately 9 mm). H&E-stained paraffin-embedded sections were quantified for 
neointima or external area (external elastic layer area) using MetaMorph software. OCT 
sections were stained for Ki67 (ab16667, Abcam) proliferation marker at 1:100 dilution, 
followed by a fluorescent anti-Rabbit secondary antibody.  
 
Proteomic analysis based on isobaric tags for relative and absolute quantitation 
(iTRAQ). Samples (200 µg) were trypsin-digested separately using the whole proteome in-
gel digestion protocol (Bonzon-Kulichenko et al.). Peptide iTRAQ labeling was performed 
essentially according to the manufacturer’s instructions. After labeling, the samples were 
vacuum-dried and redissolved in 1% trifluoroacetic acid for both desalting and removal of 
excess labeling reagent in reversed-phase C-18 extraction cartridges (Oasis, Waters 
Corporation, Milford, MA, USA). High-resolution analysis of iTRAQ-labeled peptides was 
carried out on an Easy nLC 1000 nano-HPLC apparatus (Thermo Scientific, San Jose, CA, 
USA) coupled to a linear ion trap Orbitrap mass spectrometer (Orbitrap Elite, Thermo 
Scientific). Peptides were suspended in 0.1% formic acid and then loaded onto a home-
made C-18 reversed-phase nano-column (100 μm I.D., 45 cm) and separated in a 
continuous gradient consisting of 8-31% B for 180 min and 31-90% B for 2 min (B = 90% 
acetonitrile, 0.1% formic acid) at 300 nL/min. Peptides were ionized using a Picotip 
emitter nanospray needle (New Objective, Woburn, MA, USA). Each mass spectrometry 
(MS) run consisted of enhanced FT-resolution spectra (120,000 resolution) in the 390–
1,200 m/z range followed by data-dependent MS/MS spectra of the 20 most intense parent 
ions acquired during the chromatographic run. The AGC target value in the Orbitrap for the 
survey scan was set to 1,000,000. Fragmentation in the linear ion trap was performed at 
32% normalized collision energy with a target value of 10,000 ions. The full target was set 
to 30,000, with 1 microscan and a 100 miliseconds injection time, and the dynamic 
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exclusion was set to 0.5 min. For peptide identification the MS/MS spectra were searched 
with the Sequest algorithm implemented in Proteome Discoverer 1.3 (Thermo Scientific). 
The results were analyzed using the probability ratio method (Martinez-Bartolome et al. 
2008), and a false discovery rate (FDR) for peptide identification was calculated based on 
the search results against a decoy database using the refined method (Navarro and Vazquez 
2009). The iTRAQ reporter ion intensities were retrieved from MS/MS scans by QuiXoT 
software (Lopez-Ferrer et al. 2006, Ramos-Fernandez et al. 2007), and used as inputs to the 
weighted spectrum, peptide and protein statistical (WSPP) model (Navarro and Vazquez 
2009), to obtain peptide and protein abundance changes. In a further step, proteins were 
classified into ontological categories according to the GO database, and abundance changes 
at the protein function level were analyzed as described (Navarro and Vazquez 2009). 
Protein or functional abundance changes were considered statistically significant when 
they had an FDR below 5%. 
 
Proteomic analysis based on stable isotope labeling by amino acids in cell culture 
(SILAC). SILAC assay was performed as previously described (Koziol et al. 2012) in 
highly proliferative cells. Briefly, macrophages were differentiated from bone marrow cells 
from wild-type or Mt4-mmp-/- mice by treatment for 7 days with interleukin-3 (IL-3, 
PeproTech, Rocky Hill, USA), granulocyte macrophage colony-stimulating factor (GM-
CSF, PeproTech) and stem cell factor (SCF, PeproTech) (20 ng/ml) in IMDM medium 
(Lonza) supplemented with 10% FBS, followed by incubation for 5 days with M-CSF 
(PeproTech) (10 ng/ml) in the same medium. Bone-marrow-derived macrophages were 
cultured in p100 plates (10 plates per genotype; pool of 3 mice per genotype) by seeding 
6.5x106 cells per plate in SILAC medium (Invitrogen) supplemented with 
penicillin/streptomycin, L-glutamine, Hepes and 10% bovine fetal serum, and isotopic 
amino acids (heavy Lysine and Arginine in wild-type, and light in Mt4-mmp-/-). 
Supernatants (SN) were collected and processed as per the manufacturer’s instructions. In 
brief, the SN of both genotypes were mixed 1:1 and enriched for glycosylated proteins by 
incubation with lectin WGA beads. Proteins were then reduced and alkylated, resolved by 
SDS-PAGE, and stained with colloidal Coomassie, and 20 bands were cut. Bands were 
processed at the Vall d'Hebron Research Institute (Barcelona, Spain), where proteins were 
digested with trypsin and the obtained peptides analyzed by mass spectrometry. The data 
obtained were analyzed with Protein Scape 2.1 and WARP-LC 1.2 software platform 
(Bruker, Billerica, USA). 
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In vitro digestion assay and N-terminal sequencing. Human recombinant OPN (500 to 2 
µg; hrOPN, R&D, 1433-OP/CF) and the catalytic domain of human recombinant MT4-
MMP (500 ng ) (hrMT4-MMP, 475940, Calbiochem, Billerica, USA) were incubated in 
digestion buffer (50 mM Tris-HCl, 10 mM CaCl2, 80 mM NaCl, [pH7.4]) for 2 hours at 
37ºC. Samples were separated by 12% SDS-PAGE and transferred to nitrocellulose 
membranes (Bio-Rad 0.45 µm). Full-length OPN and fragments were detected with anti-C-
terminal OPN antibody recognizing aminoacids 234 to 240 of the human OPN sequence 
(1H3F7) (Kazanecki et al. 2007b). An anti-mouse secondary antibody was used. N-
terminal sequencing was performed according to Alphalyse guidelines 
(www.alphalyse.com/nterm_preparation_guideline.html, Palo Alto, USA). Briefly, 6 µg of 
hrOPN and 3 µg of hrMT4-MMP catalytic domain were incubated as described and the 
digestion mixture separated on a 4-16% Tricine gel (Mini-Protean® Tris-Tricine precast 
gel; Bio-Rad). Proteins were transferred to a PVDF membrane (Immobilon-PSQ, 
Millipore), and the obtained OPN C-terminal cleavage-derived band in the membrane was 
visualized by Coomassie staining and used for N-terminal sequencing.  
 
Lentiviral vector generation and infection. Lentiviral vectors were generated using the 
mouse full-length Mt4-mmp vector (ID 5716458, Invitrogen) or the E248A mutant, using 
the QuikChange Site-Directed mutagenesis Kit (Agilent Technologies, Santa Clara, USA) 
with the following primers: Fw 5’-GTGGCCGTCCATGCGTTTGGTCATGCC-3’ and RV 
5’- GGCATGACCAAACGCATGGACGGCCAC-3’. Vectors were cloned into the SFFV-
IRES-GFP lentiviral backbone and sequenced to check proper sequence mutation. 
Lentiviruses expressing Mock-GFP, Mt4-mmp-GFP or Mt4-mmp E248A-GFP were 
prepared and titered as previously described (Garaulet et al. 2013). Mouse full length Opn 
was obtained from Sino Biological Inc. (MG50116-M), and subcloned into the same 
lentivirus backbone. N-terminal Opn were obtained with the following primers: FW 5’ 
GGATCCGCATGAGATTGGCAGTGA 3’, RV 5’ CTAAAGCTGGGGAACAG 3’. 
Analysis of lentivirus-driven protein production was first analyzed by infection in HEK293 
cells. Lentiviruses were injected intravenously at approximately 1 × 108 pfu/ml. P1-stage 
mice were injected with ~10 µl of virus solution into the jugular vein after ice anesthesia, 
using a Hamilton syringe inserted through the neck skin. Mice were sacrificed 1 week (P8) 
or 8 weeks after injection. For injection into adult mice (8 weeks-old), 100 µl of virus 
solution (1 × 108 pfu/ml) was injected into the jugular vein after skin excision, and mice 
were sacrificed 8 weeks later. Aortas were collected and processed for protein extraction, 
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RNA extraction, microscopy or electron microscopy analysis according to the protocols 
described above.  
 
Exome and Sanger sequencing. Five µg samples of DNA from probands were used for 
construction of the shotgun sequencing library using adaptors for paired-end sequencing 
(Regalado et al. 2011). Exome sequences were captured with SeqCap EZ. Exome probes 
version 1.0 (Roche, Basilea, Switzerland) and recovered according to manufacturer’s 
directions. Enriched libraries were then sequenced on an Illumina (San Diego, USA) 
GAIIx. Reads were mapped to the reference human genome (UCSC hg19, Santa Cruz, 
USA) with BWA (Burrows-Wheeler Aligner) (Li H. and Durbin 2010), and variants called 
with SAMtools. Insertion-deletion (indel) variants affecting the coding sequence were 
identified after a Smith-Waterman realignment of the BWA calls. Single nucleotide 
variants (SNVs) and indels were filtered to >8X and quality >30. Variants were annotated 
using the SeattleSeq server (http://gvs.gs.washington.edu/SeattleSeqAnnotation/). The 
identified variants were then filtered against the NHLBI Exome Sequencing Project to 
exclude variants with minor allele frequencies (MAF) above 0.005 for indel and SNV calls 
to identify novel non-synonymous and splice-acceptor and donor-site variant that was 
present as heterozygous genotype. Bidirectional DNA sequencing of MT4-MMP variants 
were done using primers designed 60-120 base pairs from the variant.  Polymerase chain 
reaction (PCR) amplifications were carried out using HotStar TaqTM DNA polymerase 
(Qiagen Inc.Valencia, CA).  PCR products were treated with EXOSAP-IT (Affymetrix, 
Inc. OH) to digest the primers and followed with sequencing PCR using the BigDye™ 
sequencing reaction mix (Applied Biosystems, CA).  The sequencing PCR products were 
purified using the BigDye XTerminator kit (Applied Biosystems, CA) and then loaded on 
an ABI3730xl sequencing instrument using the Rapid36 run module. DNA sequencing 
results were analyzed using the Mutation Surveyor software (SoftGenetics, PA).   
 
MT4-MMP in silico modeling. A theoretical model of the MT4-MMP protein was 
calculated using the de novo prediction method with the structural homologs comparison 
approach. The Fasta sequence (603 aminoacids (aa)) of the MT4-MMP protein precursor 
(UniProtKB: Q9ULZ9.4) was processed to eliminate the signal peptide and pro-peptide 
sequences and yield a new sequence for the mature wild-type protein (440 aa: positions 
126 to 565 of the precursor protein). A similar process was used with a point mutation 
(R373H) in the precursor protein sequence. Both MT4-MMP sequences were submitted to 
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the iTASSER server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) (Roy et al. 2010). 
We selected the PDB (Protein Data Bank) model with highest probability and minimal 
energy compatible with biochemical properties (di-S intrachain, accessible and exposed 
glycosylation sites and accessible active region [active site and neighboring zinc binding 
sites] C-score= -0.43 for wild-type (WT) and C-score= -0.18 for R373H-mutant). Both 
models were aligned, visualized and decorated using PyMol v1.6.0.0. In silico models of 
wild-type and R373H-mut MT4-MMP homodimers were calculated by submitting PDB 
models of monomeric MT4-MMP or monomeric MT4-MMP-R373H to Hex server v 6.9 
(http://hexserver.loria.fr/) (Ghoorah et al. , 2013). Docking in dimer mode was predicted 
with shape and electrostatic restrictions to select the best (minimal energy) model of each 
dimer type compatible with biochemical properties (di-S interchain) (Sohail et al.). 
Docking predictions for the MT4-MMP dimer (WT) as receptor and OPN as ligand were 
submitted to the ClusPro server (http://cluspro.bu.edu) (Comeau et al. 2004), and the best 
model compatible with the biological topology of the MT4-MMP binding site was selected. 
The model was then refined by closer pre-alignment of the MT4-MMP dimer to the 
binding site using PyMol v 1.6.0.0, and this refined preliminary model was submitted to 
the docking application of the ROSIE server (http://rosie.rosettacommons.org) with default 
values. From the ten models with the lowest energy, we selected the model with best 
topology (and smallest binding distance, score = -770.875). 
 
MT4-MMP R373H generation and HEK293 transfection. The human MT4-MMP-PSG5 
vector was mutated with the QuikChange Site-Directed Mutagenesis Kit (Agilent 
Technologies, Santa Clara, USA) to yield the hMT4-MMP R373H mutant. The following 
primers were used: Fw 5’-GGCACAGATGCACCACTTCTGGCGGG-3’ and Rv 5’-
CCCGCCAGAAGTGGTGCATCTGTGCC-3’. HEK293 cells (80% confluence) were 
transfected over 3 hours with wild-type or R373H-mutated MT4-MMP vectors using 
Lipofectamine 2000 (Invitrogen, Waltham, USA), and expression was analyzed during the 
subsequent 24 hours. The transfected cells were treated with 100 µg/ml bortezomib 
(Sigma-Aldrich, St. Louis, USA) for 24 hours. Protein and RNA were extracted as 
described before. For immunofluorescence assay, HEK293 cells were fixed for 10 minutes 
in 4% PFA in PBS and permeabilized with 0.1% Triton X-100 for 5 minutes. The anti-
human MT4-MMP antibody (M3684, Sigma-Aldrich) was used at 1:100 dilution followed 
by secondary anti-rabbit antibody and cells were visualized under a Zeiss LSM 700 




Statistical analysis. The statistical analysis performed in each case is explained in detail in 
the corresponding figure legend. Data were analyzed by two-tailed Student’s t-test or by 
one- or two-way ANOVA followed by the indicated comparison test for data with 
Gaussian normal distribution. Non-normal distributions were analyzed by Wilcoxon test, 
Mann-Whitney test, or by one sample t-test for fold-induction comparisons. The one-tailed 
Fisher’s exact test was used to analyze the incidence of aneurysm. For comparison of 
different groups or conditions, one- or two-way ANOVA was used, followed by the 
indicated comparison test in each case (Bonferroni or Tukey multiple comparison tests). 
Statistical tests were conducted with Prism 5 software (GraphPad Software, Inc., La Jolla, 
USA). Data are presented as mean ± s.e.m. and differences were considered statistically 

















 RESULTS  
 
-MT4-MMP IS EXPRESSED BY VASCULAR SMOOTH MUSCLE CELLS DURING AORTIC 
WALL DEVELOPMENT - 
The generation of the Mt4-mmpLacZ/LacZ mice (referred here as Mt4-mmp-/-) (Rikimaru et al. 
2007) allowed us to study Mt4-mmp expression in vivo, specifically in the arterial 
vasculature. LacZ expression (representative of Mt4-mmp promoter activation) was 
evaluated first by RT-PCR showing the presence of LacZ and the absence of Mt4-mmp 
transcripts in total aortic lysates (Figure 8 a). Quantitative RT-PCR (Q-RT-PCR) and 
western blot confirmed the lack of Mt4-mmp mRNA transcript and protein, respectively, in 
Mt4-mmp-null mice aortas (Figure 8 b and c).  
Mt4-mmp expression in the arterial vasculature was then analyzed during aortic vessel wall 
development by LacZ staining of embryonic aortas. LacZ positive staining was observed 
since early developmental stages (E10.5 and E12.5) in scattered endothelial cells, that 
presumably form the primordial tube and some vascular SMC progenitors that are recruited 
to the developing aorta (Figure 8 d). At E14.5, the aortic media layer was already visible 
formed by 3-4 vascular SMCs layers with Mt4-mmp promoter activation in most of the 
cells of the wall. At E16.5 and E18.5, LacZ staining was reduced to some scattered 
vascular SMCs.  
As a complementary approach, Mt4-mmp expression was confirmed using an anti-βGal 
antibody (Figure 8 e). mRNA was then isolated from aortas at the different stages of aortic 
development and maturation from E14.5 to 2 months of age. As showed in Figure 8 f, Mt4-
mmp relative expression follows a pattern from relatively medium levels at E14.5, 
decreased at P0 and progressively increased levels till adulthood. 
In adult aortas, we further confirmed Mt4-mmp protein expression by specific 
immunostaining, showing positive signal located at the media layer of the vessel (Figure 9 
a). To confirm the cellular type expressing Mt4-mmp in the vessel wall, we next performed 
cultures of ECs, vascular SMCs and macrophages. Using Mt4-mmp specific primers, we 
showed by Q-RT-PCR that vascular SMCs were the cellular type expressing highest Mt4-
mmp levels (Figure 9 b).  
By LacZ staining we also showed Mt4-mmp promoter activation in vascular SMCs of other 





Figure 8. Mt4-mmp is expressed in the aorta during development. (a) RT-PCR of aortic lysates 
shows presence of Mt4-mmp transcript only in wild-type aortas and LacZ only in Mt4-mmp-/- mice. n = 6 
mice per genotype analyzed in 2 independent experiments. (b) Q-RT-PCR of wild-type and Mt4-mmp-/-
 
aortas showing relative expression of Mt4-mmp transcript presented as calibrated normalized relative 
quantity (CNRQ) obtained in qBase analysis. n = 9 mice per genotype analyzed in 3 independent 
experiments. (c) Representative western-blot showing absence of Mt4-mmp protein in null mice aorta 
lysates. n = 16 mice per genotype analyzed in 5 independent experiments. (d) Representative images of 
LacZ staining in aortas from Mt4-mmp+/LacZ embryos, neonates and 2 month old mice. n = 2 mice per 
time point. Scale bar 20 μm in embryo and P14, 50 μm in P0 and P7 images, and 25 μm in 2 months-old 
picture. (e) Representative confocal microscopy images of E14.5, E16.5 and E18.5 Mt4-mmp+/LacZ
 
embryo aortas showing anti-βGal nuclear immunostaining (white) and nuclei Hoechst (blue). n = 2-3 
mice per time point. Scale bar 50 μm. (f) Mt4-mmp mRNA levels in aortas from E14.5 to 2 months old 





- MT4-MMP ABSENCE INDUCES VASCULAR SMC MORPHOLOGICAL DEFFECTS AND 
ECM ALTERATIONS IN THE CONDUCTANCE ARTERIAL VASCULATURE- 
 
To determine the impact of Mt4-mmp loss in the vessel wall, we first analyzed the 
histological features of conductance vasculature, performing transverse cuts of adult aortas 
fixed or not under pressure. No differences in vessel wall thickness were observed by H&E 
staining in pressure-fixed aortas (Figure 10 a), however, same analysis in non-fixed aortas 
showed increased vessel wall thickness suggestive of alterations in structural organization 
of the wall (Figure 10 b). To address this point, a more detailed analysis of aortic 
ultrastructural features was performed using transmission electron microscopy (TEM) that 
revealed mayor changes in vascular SMCs morphology and orientation and ECM 
organization within the wall (Figure 10 c). Vascular SMC alterations found in Mt4-mmp-
Figure 9. Mt4-mmp is expressed by vascular 
SMCs in the arterial media layer. (a) 
Representative confocal images showing Mt4-
mmp immunostaining in transversal cuts of 
thoracic descending aortas. Scale bar 20 µm. n = 5 
mice per genotype analyzed in 2 independent 
experiments. (b) Graphs show Q-RT-PCR of 
cultured endothelial cells, vascular SMCs and 
macrophages. One representative experiment is 
shown from 3 independent experiments with 
similar results. n = 8 mice per genotype and 
experiment. Bars are means of ± s.e.m of CNRQ. 
(c) Representative images of LacZ staining in 
transversal cuts of arterial vessels showing 
positive nuclear β-Gal activity. Scale bar 50 µm. n 




null aortas included round, instead of elongated, morphology, thinner ECM connections, 
multilayered number of vascular SMCs between elastic fibers and helically/radially 
oriented cells in contrast to the circumferential orientation in wild-type aortas. Also the 
presence of intracellular vacuoles was more commonly observed in Mt4-mmp-/- aortas 
(Figure 10 c). Similar ultrastructural features were observed when one of the Mt4-mmp 










Figure 10. Mt4-mmp-/- aortas contain morphologically aberrant and mis-oriented vascular 
SMCs. (a and b) Representative images of transverse sections of thoracic aorta from wild-type and 
Mt4-mmp-/- mice stained for H&E fixed under pressure (left) or not. Media layer thickness and its 
quantification is represented; n = 4-5 mice analyzed per genotype in a and 15 mice per genotype 
analyzed in 3 independent experiments in b. Scale bar 50 µm. (c) Representative TEM images of 
ultrathin transverse (top) and longitudinal (bottom) sections of thoracic aorta. Note the differences in 
vascular SMC morphology, cell-ECM connections (arrows), and cell-cell connections (arrowheads) 
between wild-type and Mt4-mmp-/- aortas. Mt4-mmp-/- mice also showed ECM (asterisks) and frayed 
elastin layers (inset, right panel). Scale bar 4 µm. n = 10 mice per genotype in transversal  and 2 in 
longitudinal. IEL, internal elastic lamina; N, nuclei. (d) Representative epifluorescence microscopy 
images from cultured vascular SMCs stained for F-actin (phalloidin, red). Scale bar 10 µm. Cellular 
area and roundness quantified in cultured vascular SMCs isolated from wild-type or null aortas (A.U. 
arbitrary units). n = 5 independent experiments performed, 100 cells quantified per genotype. (e) 
Flow cytometry histograms show cellular size distribution (FSC-A) of vascular SMC freshly isolated 
from wild-type or Mt4-mmp-/- aortas. n = 8 mice per genotype. Numerical data in a, b and d are means 
± s.e.m., and were tested by unpaired Student’s t-test (* p<0.05, ** p<0.01).  
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The rounder morphology of null vascular SMCs was confirmed in early passage cultured 
vascular SMCs isolated from Mt4-mmp-/- aortas (Figure 10 d) where larger cellular size was 
also observed (Figure 10 e). In the same sense, flow cytometry analysis showed a larger 
average cell size (Forward scatter channel, FSC) in the case of vascular SMCs isolated 
from null aortas (Figure 10 f).  
Since vascular SMC round morphology might be indicative of a synthetic phenotype 
(Boettger et al. 2009), we further analyzed the expression of contractile markers in wild-
type versus null mouse aortas. No differences were observed by western blot in protein 
levels of SMA, calponin between genotypes (Figure 11 a and b) however, the distribution 
of contractile protein calponin and SM-MHC in wild-type aortas presented a continuous 
staining pattern along the vessel compared to discontinuous pattern observed in the null 
mice (Figure 11 c) indicative of a different cellular distribution/organization.  
Related to the multilayered vascular SMCs between elastic fibers, the number of vascular 
SMCs was quantified showing higher density of cellular nuclei in Mt4-mmp-null aortic 
media (Figure 11 d). In accordance with this result, significantly higher number of vascular 
SMCs was isolated from null mice aortas compared to wild-types (Figure 11 e). No 
differences in proliferation by phospho-histone-H3 (pH3), Ki67 staining or BrdU assay 
were observed, or in apoptosis by TUNEL assay in adult aortas (data not shown).  
As shown in Figure 10 c, Mt4-mmp loss also altered vascular SMC-ECM interaction 
showing smaller and line-like connections between vascular SMCs and elastin layers. ECM 
was also affected in null aortas, presenting increased fibrillar matrix deposition, cellular 
debris and frayed elastin layers more observed commonly in Mt4-mmp-null aortas. Study 
of ECM main components by specific staining however revealed no differences in elastic 
fiber number in ascending and descending thoracic aortas, as well as no differences in 
proteoglycan amount (Figure 12 a to c). On the contrary, fibrillar collagen was increased in 
the adventitial area as shown by second harmonic generation (SHG) (Figure 12 d and e).  
Taking these data together indicates that the overall disposition of vascular SMCs and the 
ECM organization is affected in the null aortas. We then decided to determine the 











Figure 11. Mt4-mmp loss affects vascular SMC contractile protein distribution. (a) 
Representative western-blot of αSMA, calponin and tubulin as control (left) from adult aortas lysate. 
Bars represent western-blot quantification of aorta total lysates. n = 2-3 pooled aortas in 2 
independent experiments. (b) Representative confocal microscopy images of SM-MHC and 
calponin staining (white), elastin auto-fluorescence (green) and nuclear Hoechst staining (blue) in 
transverse aortic sections from wild-type or Mt4-mmp-/-
 
mice. Scale bar 20 µm. n = 7 mice per 
genotype. (c) Representative confocal pictures of thoracic aortas showing nuclei (blue) and elastin 
(autofluorescence, green) (left). Quantification of nuclei density showed higher number of vascular 
SMCs in null mice aortas (right). n = 30 mice per genotype. (d) Bars represent quantification of 
number of vascular SMCs isolated from wild-type and Mt4-mmp-/-
 
aortas. n = 8 aortas pooled per 
experiment and genotype analyzed in 7 independent experiments. Numerical data are means ± 
s.e.m., and were tested by one sample t-test in a and unpaired Student’s t-test in c and d (* p<0.05, 










-MT4-MMP LOSS IN THE CONDUCTANCE ARTERIAL VASCULATURE LEADS TO 
DILATED VESSELS- 
Since ECM organization/vascular SMC phenotype define vessel wall hemodynamics and 
behavior, we next evaluated aortic performance. First, aortic contractility was investigated 
using an ex vivo wire-myograph assay. In response to total depolarization by potassium, 
null aortas showed a trend towards less contractile strength (wild-type 2.96 ± 0.47 vs 2.51 ± 
Figure 12. Increased fibrillar collagen deposition in Mt4-mmp-/- aortas with no changes in other 
structural ECM proteins. (a and b) Representative images of Verhoeff-van Gieson stain in thoracic 
ascending (a) and descending (b) aortas revealed no differences in the number of elastin layers. n = 5 
(pressure-fixed) to 15 (non-pressure fixed) mice, respectively, analyzed in 3 independent experiments. 
Scale bar 50 μm. (c and d) Representative images of transverse sections of thoracic aortas from wild-
type and Mt4-mmp-/-
 
mice stained for proteoglycans (Alcian blue) or collagen (picrosirius red) in 
polarized light. Scale bar 50 µm. n = 4 to 8 mice per genotype. Scale bar 50 µm. (e) 3D-rendering 
reconstruction of second harmonic generation multi-photon microscopy images from wild-type and 
Mt4-mmp-/- aortas (SHG fibrillar collagen in red, and auto-fluorescent elastin in green). Arrows point 
to collagen deposits in the adventitia of null mice (n = 4 mice per genotype analyzed in 3 independent 
experiments). Scale bar 30 µm. Numerical data are means ± s.e.m., and were tested by unpaired 
Student’s t-test.  
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0.32 mN in Mt4-mmp-/-, a reduction of 15.21%) (Figure 13 a). Endothelial-induced 
relaxation was preserved in Mt4-mmp-null aortas, as shown by acetylcholine (Ach) 









For in vivo analysis, we used complementary approaches; ascending thoracic aortas were 
monitored by echocardiography, showing a trend to increased lumen diameters (Figure 13 
b). Due to the limitation of the echocardiography technique for thoracic descending aorta 
recording (the ribcage hampers aortic display), we used instead magnetic resonance 
imaging (MRI) (Figure 13 c). Null mouse thoracic descending aortas showed a statistically 
significant increase in lumen area compared to wild-type (1.076 ± 0.026 mm2 in wild-type 
Figure 13. Mt4-mmp-/-
 
mice aortas have increased lumen diameter (a) Aortic contraction in 
response to total depolarization by potassium (K+). Endothelial integrity was assessed by relaxation 
in response to Acetylcholine (Ach) (right). n = 4-5 mice per genotype. (b) Representative images of 
echocardiography in adult aortic arch (ascending thoracic aorta). Bars represent lumen area (right). n 
= 8 mice per genotype. (c) Representative magnetic resonance images of thoracic descending aorta 
(left) and lumen diameter quantification (right) in wild-type or Mt4-mmp-/-
 
adult mice (12 weeks old; 
n = 8 mice per genotype). A, aorta lumen; scale bar 1 mm. Numerical data are means of ± s.e.m. and 
were tested by unpaired Student’s t-test (a (left), b and c) and two-way ANOVA followed by 
Bonferroni post-test in a (right). 
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vs 1.159 ± 0.018 mm2 in Mt4-mmp-/-) (Figure 13 c). Also arterial performance was affected 
as shown in the supplemental videos (video 1 for wild-type and video 2 for Mt4-mmp-/-). 
 
- MT4-MMP LOSS IN THE RESISTANCE ARTERIAL VASCULATURE RESULTS IN 
STRUCTURAL ALTERATIONS AND VESSEL DILATION- 
The fact that Mt4-mmp is also expressed in the resistance vasculature (Figure 9 c), 
prompted us to analyze the possible impact of Mt4-mmp absence in this type of 
vasculature. TEM images of mesenteric arteries showed similar features to thus found in 
aorta. We observed rounder and bigger vascular SMCs with fibrillar ECM deposits (Figure 
14 a). Wall thickness and vascular SMCs density was increased in null mesenteric arteries 
(Figure 14 b). Mesenteric artery contractility was then evaluated by wire myograph to 
measure vessel wall strength. In response to potassium depolarization mesenteric arteries 
also exert a trend towards lower contractile strength (wild-type 1.61 ± 0.05 vs 1.33 ± 0.16 
mN in Mt4-mmp-/- mice, a 21% reduction) (Figure 14 c). In response to acetylcholine, the 
vessel wall relaxed as wild-type, indicating that endothelium function was preserved in 
Mt4-mmp-null mesenteric arteries (Figure 14 d). To analyze the structural features of this 
resistance vasculature, we used an ex vivo pressure assay. This assay could be only 
performed in mesenteric arteries and not in aorta due to technical limitations. Mt4-mmp-/- 
mesenteric arteries showed significantly increased internal and external diameters in 
response to increasing levels of pressure (Figure 14 e), indicative of different structural 
organization. In fact, null mesenteric arteries exhibited higher vessel wall stress in response 
to pressure (Figure 14 f) and below-normal fenestrae area in the internal elastic layer (IEL) 
(Figure 14 g), both features related to structural changes affecting the ECM.  
 
-MT4-MMP-NULL MICE ARE HYPOTENSIVE- 
The structural characteristics of the vasculature are key factors in the regulation of blood 
pressure levels. Therefore, in order to know the hemodynamic impact of the structural and 
cellular changes observed in Mt4-mmp-null arterial vessels, blood pressure levels were 
evaluated in a group of wild-type and Mt4-mmp-null mice by tail cuff. Adult deficient-mice 
displayed significantly decreased systolic pressure (124.8 ± 2.28 mmHg in wild-type vs. 
116.1 ± 1.6 mmHg in Mt4-mmp-/-) and diastolic pressure (76.58 ± 2.18 mmHg in wild-type 
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vs. 65.48 ± 1.85 mmHg in Mt4-mmp) (Figure 15) with no changes in pulse. These data 
indicate a defect of the null arterial vasculature controlling blood pressure levels. 












resistance vasculature presents structural alterations. (a) Representative 
TEM images of mesenteric artery transverse sections from wild-type and Mt4-mmp-null mice. IEL, 
internal elastic lamina. n = 5 mice per genotype. Scale bar 5 µm and 0.5 µm in inset (bottom). (b and c) 
Vessel wall thickness and vascular SMC nuclear density in mesenteric arteries from wild-type or Mt4-
mmp-null mice. n = 3 mice per genotype (thickness) and 9 mice per genotype analyzed in 4 
independent experiments (vascular SMC nuclear density). (d) Mesenteric artery contraction in response 
to total depolarization by potassium (K+). Endothelial integrity was assessed by relaxation in response 
to Acetylcholine (Ach) (right). n = 4-5 mice per genotype. (e) Lumen and external diameter of 
mesenteric artery in wild-type and Mt4-mmp-/-
 
mice in response to intraluminal pressures applied ex 
vivo between 0 and 120 mmHg (n = 9 mice per genotype). (f) Vessel wall stress in response to 
intraluminal pressure in mesenteric arteries from wild-type and Mt4-mmp-null mice and (g), fenestra 
area in the internal elastic lamina (n = 9 mice per genotype analyzed in 3 independent experiments). 
Numerical data are means of ± s.e.m. and were tested by unpaired Student’s t-test (b, c, d (up) and g) 









-MT4-MMP-NULL MICE ARE MORE SUSCEPTIBLE TO THORACIC AORTIC ANEURYSMS 
IN RESPONSE TO ANGIOTENSIN II- 
Aortic wall mechanics directly depends on structural organization and vascular SMC 
differentiated phenotype. When any of these features is altered, as when structural 
components are mutated (i.e. collagen (Collagen 3a), microfibril component (Fibrillin-1)) 
or vascular SMC differentiation or contractility is affected (i.e. mutations in TGFB or 
contractile machinery) aortic wall weakens and can dilate abnormally (aneurysms), rupture 
and/or dissect. Since Mt4-mmp-null aortas present important defects in vascular SMCs and 
ECM, and hypothension can mask this pathology, we next challenge Mt4-mmp-null 
vasculature by angiotensin II infusion. Angiotensin II caused equally increases in blood 
pressure values either in wild-type or in Mt4-mmp-/- mice (Figure 16 a). In response to 
angiotensin II 3 out of 14 null mice died by aortic rupture or dissection (21.43%), whereas 
no deaths were registered in the wild-type group. Consistent with this finding, Mt4-mmp-
null mice developed TAA at a higher incidence than wild-types (42.86% in Mt4-mmp-null 
mice vs 7.14% in wild-type; p=0.0384 by one-tailed Fisher’s exact test); thoracic aortas in 
Mt4-mmp-deficient mice were also significantly more dilated after 4 weeks-exposition to 
angiotensin II (Figures 16 b, c, and d). Although Mt4-mmp-deficient mice showed no 
overall increased incidence of abdominal aortic aneurysm (AAA) in response to 
angiotensin II (33.33% in Mt4-mmp-null mice vs 28.54% in wild-type; p=0.5629 by one-
tailed Fisher’s exact test), abdominal aortic diameter was significantly larger than in wild-






























mice are hypotensive. Blood pressure values in 8 weeks-old mice 
measured by tail-cuff. One representative experiment of 4 with similar result is shown. n = 
10 mice in this experiment. Data are means ± s.e.m. and were tested by unpaired Student t-
test (** p<0.01, *** p<0.001).  
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types (Figures 16 e, f and g). These data suggest that Mt4-mmp-null aortas fail to respond 










Figure 16. Mt4-mmp-/- mice are more susceptible to develop thoracic aortic aneurysm in 
response to angiotensin II. (a) Systolic and diastolic pressure evolution during angiotensin II 
administration in wild-type and Mt4-mmp-/-
 
mice (b) Ultrasound-measured lumen diameter of 
thoracic ascending aorta (aortic arch after the valsalva sinus) (n=14 mice per genotype tested in 
two independent experiments). (c) Representative pictures of thoracic aortas from wild-type and 
Mt4-mmp-/- mice treated with angiotensin II for 28 days (left, wild-type; right, Mt4-mmp-/-). 
Scale bar 2000 µm. (d) Histological transverse cuts of ascending thoracic aortas (aortic arch) 
from angiotensin II-treated wild-type (left) and Mt4-mmp-/- mice (right). Scale bar 500 µm. (e) 
Ultrasound-measured lumen diameter of abdominal aorta (n=14 mice per genotype tested in two 
independent experiments). (f) Representative pictures of abdominal aortas from wild-type and 
Mt4-mmp-/- mice treated with angiotensin II for 28 days (left, wild-type; right, Mt4-mmp-/-). 
Scale bar 2000 µm. (g) Histological transverse cuts of abdominal aortas from angiotensin II-
treated wild-type (left) and Mt4-mmp-/- mice (right). Scale bar 500 µm. Numerical data are 
means ± s.e.m. Data in a, b and e were compared by two-way ANOVA followed by Bonferroni 
post-test.   
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- EXACERBATED INJURY RESPONSE IN THE MT4-MMP-/- ARTERIAL VASCULATURE- 
To further dissect the role of vascular SMCs in vascular insult response, we next analyzed 
the response of the Mt4-mmp-null vasculature to another model of vascular injury. Ligation 
of the carotid artery is a well-established model that induces neointima formation due to 
de-differentiation, proliferation and migration of vascular SMC within the vessel wall. 
First, LacZ staining in uninjured carotid arteries confirmed Mt4-mmp expression in medial 
vascular SMC and in medial and neointima cells after injury (Figure 17 a). In wild-type 
mice, ligation of the left carotid artery promoted the generation of neointima that increased 
its area progressively, together with an inward remodeling derived from the normal 
constrictive response of the vessel (Figure 17 b to d). However, in Mt4-mmp-/- left ligated 
carotid arteries, neointima development was significantly increased in area and longitude, 
extending along the whole vessel with outward remodeling (increased external vessel area) 
(Figure 17 b to d). Consistently, greater proliferation was observed in null injured carotid 
arteries as assessed by Ki67 (Figure 17 e).  
Figure 17. Carotid ligation induces 
outward remodeling and formation 
of a larger neointima in Mt4-mmp-/-
 
mice. (a) Representative images of 
LacZ staining in carotid arteries of 
null mice. Scale bar 50 μm. n = 3 
mice. (b) Representative images of 
sections stained with H&E from right 
non-ligated (upper panel) and left 
ligated carotid arteries (lower panel) 
28 days after ligation. Scale bar 100 
µm. (c) External elastic lamina (EEL) 
area in wild-type and Mt4-mmp-/- 
carotid arteries and (d) neointima area 
quantified along the carotid artery 
from the aortic arch to the ligation site. 
One representative experiment is 
shown of representative of 2 
independent experiments. n = 10 mice 
per genotype. (e) Representative 
confocal images of carotid arteries 28 
days after ligation immunostained 
with anti-Ki67 (green). Elastin (auto-
fluorescence, green) and nuclei 
(Hoechst, blue) are also shown. n = 3 
mice per genotype. Scale bar 100 µm. 
Numerical data in c and d are 
presented as means ± s.e.m. and were 
tested by one-way ANOVA (*** 
p<0.001) followed by Tukey’s 
multiple comparison, (* p<0.05, *** 
p<0.001) in c and two-way ANOVA 
(*** p<0.001) followed by Bonferroni 
post-test in d. 
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-AORTIC PHENOTYPE IN NEONATAL MICE LACKING MT4-MMP- 
Since Mt4-mmp-null vascular SMCs present characteristics of de-differentiated cells, we 
next analyzed the features of neonatal aortas, when maturation of vascular SMCs occurs. 
At postnatal day 0 (P0) we observed by TEM rounder vascular SMCs in transverse and 
longitudinal sections of aorta (Figure 18 a). Mt4-mmp-/- vascular SMCs contained fewer 
contractile filaments, more rough endoplasmic reticulum and abundant cellular debris 
compared to stage-matched wild-type aortas. Elastic fibers in null aortas were wrapped and 
frayed with big gaps and abundant microfibrils bundles that fail to connect to the vascular 
SMC dense plaques. Vascular SMC were also elliptically oriented in null aortas (Figure 18 
a). All of these features are indicative of immature vascular SMCs.  
Further analysis of Mt4-mmp-null aortas showed active proliferation of vascular SMC from 
P0 to P7 (pH3 staining) (Figure 18 b and c). Since TGFβ is a regulator of vascular SMC 
differentiation during development, we next analyzed Tgfβ1 and 2 transcript levels. Tgfβ2 
mRNA levels were significantly decreased in Mt4-mmp-/- aortas (Figure 18 d) that further 
suggest a defect in vascular SMC maturation. 
 
-PROTEOMIC STUDY OF NEONATAL AND ADULT AORTAS SHOWED ALTERATIONS IN 
BIOLOGICAL PROCESSES RELATED TO VASCULAR SMC MATURATION AND 
ECM/VASCULAR SMC MECHANO-COUPLING- 
To understand the molecular mechanisms altered in Mt4-mmp absence, we performed a 
quantitative proteomics analysis of protein extracts from neonatal (P7) and adult (8-week-
old) aortas obtained from wild-type and Mt4-mmp-/- mice. We determined the relative 
abundance of 2096 proteins in neonates and 2767 proteins in adults. Significant abundance 
differences (Zq<0.05) between the two genotypes were found for 219 proteins in neonates 
and 207 proteins in adults. Functional category analysis based in gene ontology (GO) was 
performed (proteins in the GO categories are specified in Table I). We identified 
differences in abundance of proteins that indicated impaired SMC maturation (increased 
ribonucleoprotein complex/protein synthesis and decreased muscle contraction and 
intermediate filaments in null aortas) as the early event in neonatal Mt4-mmp-null aortas 
(Figure 19 a); whereas adult deficient aortas were characterized by an overrepresentation of 
categories related to ECM (in particular collagen) and very importantly, to cellular shape 
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and adhesion (Figure 19 b). Notably, neonatal and adult Mt4-mmp-/- aortas both had a 















Figure 18. Perinatal onset of the arterial phenotype of Mt4-mmp-/- mice. (a) Representative TEM 
images of ultrathin transverse (top) and longitudinal (bottom) aortic sections from neonate (P0) wild-
type and Mt4-mmp-/-
 
mice. Note the cell-ECM connections (arrows) in wild-type tissue, contrasting 
with the abundance of microfibril bundles (arrows) and cellular debris (asterisks) in Mt4-mmp-/-
 
aortas. Scale bars, 5 and 0.5 µm for transverse and 5 and 2 µm for longitudinal sections (n = 3 mice 
per genotype). (b) Representative confocal microscope images of aortas from 7-day-old (P7) wild-
type and Mt4-mmp-/-
 
mice, showing anti-pH3 immunostaining (red), elastin auto-fluorescence (green) 
and Hoechst nuclear staining (blue). Scale bar 20 µm. White arrowheads highlight pH3 positive 
nuclei. (c) Numbers of pH3-positive nuclei in the media layer of aortas from P0 to P30; n = 15-17 
mice per genotype and time point analyzed in 3 independent experiments. (d) Q-RT-PCR analysis of 
Tgfβ2 mRNA levels in P7 total aorta extracts, presented as fold change from CNRQ obtained in 
qBase analysis; n = 21 mice per genotype analyzed in 3 independent experiments. Numerical data are 


















-LENTIVIRUS EXPRESSING CATALYTIC ACTIVE MT4-MMP RESCUES THE ARTERIAL 
PHENOTYPE OF MT4-MMP-NULL MICE – 
 
To elucidate whether the catalytic activity of Mt4-mmp was required for its role in the 
arterial vasculature, we design lentivirus encoding the wild-type or catalytic-dead mutant 
protease. Mt4-mmp-codifing lentivirus (Figure 20 a) were injected into null mice at 
postnatal day 1 (P1).  We used catalytic active Mt4-mmp (referred as wild-type (WT)) and 
catalytic inactive Mt4-mmp-codifing virus by mutation of glutamic acid in the catalytic 
center (referred as E248A), this catalytic-dead mutant has been previously described (Itoh 
et al. 1999). As soon as day 7 after lentiviral injection, we detected Mt4-mmp protein and 
mRNA in aortas by inmunostaining and Q-RT-PCR, respectively (Figure 20 b and c). We 
Figure 19. Quantitative proteomics comparison of the proteomes of aortas from wild-type 
and Mt4-mmp-/- neonatal (a) and adult (b) mice. Proteins were extracted from 7 pooled aortas 
per genotype at P7 and from 3 pooled aortas per genotype in adults. Protein pools were digested, 
and the resulting peptides were subjected to relative quantification by mass spectrometry in 
multiplexed mode using isobaric tag for relative and absolute quantification (iTRAQ) labeling. 
The quantitative protein data were grouped into gene ontology (GO) functional categories and the 
data were analyzed to determine significant category changes. Cumulative frequency distributions 
of standardized log2 ratios of proteins (Zq) were plotted to show the coordinated alterations (up or 
down) in proteins belonging to the changing categories. These functional categories showed an 
abundance decrease (Zq > 0, right shift of sigmoidal curves, blue) or an abundance increase (Zq < 
0, left shift of curves, red) in Mt4-mmp-null mice relative to the wild-type mice. The dashed lines 
represent the null-hypothesis distribution, and the black lines show the distribution of all proteins 
quantified in each experiment. 
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analyzed then early (P8) and late (8 weeks) phenotypic features in aorta (Figure 21 a). 
Expression of catalytically active Mt4-mmp from P1 restored vascular SMC proliferation 
to normal levels at P8 (Figure 21 b) and prevented aortic wall alterations in adult Mt4-mmp-
/- mice, including diastolic pressure, density of vascular SMC nuclei, wall thickness in non-
pressure-fixed aortas, vascular SMC morphology and orientation and ECM organization, 
and distribution of the contractility marker calponin (Figures 21 c to g). Injection of 
lentivirus encoding E248A catalytic inactive mutant however did not rescue any of the 
phenotypic features observed in null aortas (Figure 21), thus demonstrating that Mt4-mmp 
catalytic activity is necessary for its function in the vessel wall.  
To test the impact of the restoration of Mt4-mmp expression in adult aortas, we inject same 
wild-type (WT) or E248A lentivirus in 8 weeks-old mice. Eight weeks later we observed 
that reexpression of catalytically active Mt4-mmp in adult Mt4-mmp-/- mice rescued some 
of the aortic features, in particular density of nuclei, while the inactive E248A Mt4-mmp 







Figure 20. Lentiviral injection strategy targets vascular SMC. (a), Design of the lentiviral 
(LV) vector. The vector directs SFFV (spleen focus-forming virus)-driven Mt4-mmp expression 
and IRES (internal ribosome entry site)-driven expression of GFP. (b) Representative 
immunofluorescence images of aortic sections stained for Mt4-mmp (white) 8 weeks after 
lentiviral injection of mock vector (SFFV-driven, IRES-GFP), Mt4-mmp-WT or Mt4-mmp-
E248A vector at P1. n = 19 to 21 mice in 3 independent experiments. Scale bar 20 µm. Auto-
fluorescent elastin, green. (c) Mt4-mmp mRNA levels 8 weeks after injection at P1 of the 
different lentivirus encoding for Mt4-mmp (n = 12 mice per genotype analyzed in 3 independent 





Figure 21. Expression of catalytically active Mt4-mmp in Mt4-mmp-/- mice prevents aortic 
phenotype. (a) Lentiviral rescue strategy. LV was injected one day after birth (P1) and mice were 
sacrificed for analysis 7 days or 8 weeks later. (b) Numbers of pH3-positive vascular SMCs 7 days 
after LV injection of mock (empty vector encoding GFP), wild-type Mt4-mmp (WT) or E248A 
mutant Mt4-mmp (E248A) into wild-type or null mice (n = 10-19 mice per condition analyzed in 3 
independent experiments). (c-e) Diastolic blood pressure, density of cell nuclei, and media thickness 
in non-pressure fixed aortas 8 weeks after injection with the different LV (n = 12-20 mice per 
condition analyzed in 4 independent experiments). (f) Representative TEM images of thoracic aortic 
sections 8 weeks after injection with the different LV encoding for Mt4-mmp (n = 4 mice per 
condition analyzed in 3 independent experiments). Scale bar 5 µm. (g) Representative confocal 
microscopy images of calponin immunostaining (white), elastin auto-fluorescence (green), and 
Hoechst nuclear staining (blue) in thoracic aortic sections 8 weeks after injection with the LV forms 
(n = 10 mice per condition analyzed in 3 independent experiments). Scale bar 20 µm. Data in b-e 
are presented as means ± s.e.m., and were tested by one-way ANOVA followed by Tukey’s multiple 










-IDENTIFICATION OF A NOVEL MT4-MMP SUBSTRATE: OSTEOPONTIN (OPN)- 
The dependence of the vascular action of Mt4-mmp on its catalytic activity and the absence 
of known vascular substrates for this metalloproteinase, prompted us to search for new 
Mt4-mmp substrates in the vessel wall. By SILAC proteomic assay, we identify candidates 
for the Mt4-mmp cleavage. In this assay, bone marrow derived-macrophages were used 
since SILAC approach needs sequential rounds of cellular proliferation to incorporate the 
tagged aminoacids that, in the case of vascular SMC, would lead to de-differentiation. 
Comparison of supernatants of cultured wild-type and null cells showed several proteins 
with decreased peptides release in Mt4-mmp-deficient cell supernatants. From a list of 
putative substrates, we selected those expressed in the vessel wall, including osteopontin 
(Opn), and cartilage oligomeric matrix protein (Comp-1, also known as thrombospondin-
5), and tested the possible cleavage by Mt4-mmp. Whereas human recombinant (hr) MT4-
MMP catalytic domain showed no cleavage of hrCOMP, hrOPN cleavage was observed by 
in vitro digestion (Figure 23 a). We next determined the cleavage site in human OPN 
between the residues Asp210 and Leu211 by N-terminal sequencing of the fragment generated 
by MT4-MMP cleavage (Figure 23 b). Apposition of OPN to dimeric MT4-MMP was 
modelled by in silico docking, obtaining a stable model of human OPN in the catalytic 




































































Figure 22. Expression of catalytically active Mt4-mmp in Mt4-mmp-null vascular SMCs of 
adult mice ameliorates the vascular phenotype. (a-c) Diastolic pressure, vascular SMC nuclei 
density and media thickness, 8 weeks after LV injection of mock vector (SFFV-driven, IRES-
GFP), Mt4-mmp-WT or Mt4-mmp-E248A vector in adults (8-week-old). n = 9 to 11 mice per 
condition in 3 independent experiments. Numerical data are means ± s.e.m. and were tested by 












-OPN CLEAVAGE BY MT4-MMP IS NECESSARY DURING AORTIC DEVELOPMENT- 
 
We next analyzed Opn expression and cleavage in Mt4-mmp-null mouse aorta. Whereas in 
neonates or adult aortas, Opn expression was not detected by immunostaining, positive 
Opn staining was observed in embryonic aortas (E14.5) (Figure 24 a), correlating with the 
reported Mt4-mmp expression by lacZ and anti-βGal staining (Figure 8 d and e). At E14.5, 
western-blot showed accumulation of full length (FL) Opn in aortic extracts from Mt4-
mmp-null embryos with no changes in Opn mRNA levels (Figure 24 b and c). Opn 
accumulation was also observed in E14.5 null mice cartilage extracts, a tissue in which 
Mt4-mmp is also expressed (Figure 24 b). Moreover, the N-terminal (N-term) Opn 
fragment was significantly less abundant in Mt4-mmp-null E14.5 aortas (Figure 24 b) 
indicating less Opn cleavage in Mt4-mmp absence.  
Figure 23. MT4-MMP cleaves the matricellular protein Osteopontin (OPN). (a) 
Representative western-blot of human recombinant OPN after in vitro digestion by human 
recombinant MT4-MMP. Full length OPN and its C-terminal fragment are detected with the 
OPN antibody anti-C-terminal (1H3F7). n = 3 independent experiments. (b) Scheme of human 
OPN protein. The cleavage site for human MT4-MMP is localized between 210 and 211 residues 
(arrow). (c) In silico model of OPN (purple) bound to human MT4-MMP homodimer (green); 
front view (left) and lateral view (right) are represented. Note the location of the OPN cleavage 
site (yellow) close to the MT4-MMP catalytic center (orange).  
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We next investigated the possible dysregulation among the signaling pathways triggered by 
this N-term Opn fragment. We found decreased phospho-JNK staining in vascular SMC of 
E14.5 null aortas (Figure 24 d). These data suggest that the cleavage of OPN needs to be 







Figure 24. Osteopontin (Opn) cleavage by Mt4-mmp is required for JNK activation in vascular 
SMC during aorta development. (a) Representative confocal microscopy images of E14.5 Mt4-mmp-
null aortas stained for Opn (red), with nuclear Hoechst staining in blue. Scale bar 20 µm. n = 5-7 
embryos per genotype. (b) Representative western-blot of Opn in aortic extracts from E14.5 wild-type 
(+/+) and Mt4-mmp-/-
 
(-/-) embryos (pool of 8-10 embryonic aortas or sternal cartilage pieces per 
genotype). The chart shows average fold-change of the quantification of the bands in aorta 
corresponding to full length (FL) and the N-terminal Opn fragment (N-term) as indicated in the 
western-blot; n = 3 independent experiments. (c) Graph shows quantification (fold change) of Opn  
mRNA levels by Q-RT-PCR in aortic extracts from E14.5 wild-type (+/+) and Mt4-mmp-/-
 
(-/-) embryos 
(pool of 4-10 embryonic aortas; n = 4 independent experiments). (d) Representative confocal 
microscopy images of E14.5 wild-type and Mt4-mmp-null aortas stained for phospho-JNK (red) and 
CD31 (white), with nuclear Hoechst staining in blue (n = 5-7 embryos per genotype). Scale bar 50 µm 





Figure 25. No changes in other 
MMPs or TIMPs were observed in 
Mt4-mmp-/- embryonic and 
neonatal aortas. Q-RT-PCR of 
mRNA levels of MMPs closely 
related to Mt4-mmp either by 
structure (Mt1-mmp, Mt6-mmp) or 
by their ability to cleave Opn (Mmp2, 
Mmp3, Mmp7) or with different 
abundance found in proteomics 
analysis (Mmp2 and Mmp19) and of 
tissue inhibitors of MMPs (TIMPs) in 
embryo (E14.5) and neonate (P0 and 
P7) aorta extracts. n = 8 to 10 pooled 
aortas. Bars represent relative mRNA 
quantity obtained by qBase (CNRQ).   
The expression of other MMPs that are described to cleave Opn (Scatena et al. 2007) and 
the expression of TIMPs were evaluated by Q-RT-PCR in E14.5, P0 and P7 mice aortas 
(Figure 25 a to c). No significant changes in MMPs or TIMPs levels were observed 
between wild-type and Mt4-mmp-null aortas indicating no compensation by other MMPs 





















-LENTIVIRAL-BASED EXPRESSION OF N-TERMINAL OPN RESCUES VASCULAR SMC 
PHENOTYPE IN MT4-MMP NULL MICE AORTAS-  
 
To investigate the possible link between the reduction of Opn cleavage and the vascular 
phenotype observed in Mt4-mmp-null mice, we next generated lentiviruses encoding mouse 
full length (FL) Opn or the predicted cleaved N-terminal (N-term) Opn fragment (Figure 26 
a). To confirm lentivirus products, we infected HEK293 cells with Opn viruses and 
western-blot analysis of culture supernatants showed FL and N-term Opn fragment 



































































































































































P1 mice. On day 7 after lentivirus injection, GFP signal was already detected in the aorta 
(Figure 26 c).  
At this time point, we show that expression of the N-term Opn fragment, but not full length 
Opn, restored normal proliferation levels of vascular SMCs (pH3-positive cells) (Figure 27 
a). Immunostaining of aortas from neonate null mice injected with the N-term Opn 
fragment lentivirus also showed significantly increased phospho-JNK in the arterial media 
(Figure 27 b), indicating that the N-term Opn fragment is required for proper activation of 
JNK signaling in the vessel wall. Also, restoration of vascular SMC morphological features 
and ECM contacts was observed after N-terminal Opn expression (Figure 27 c). Not adult 
phenotype was analyzed since continued Opn overexpression is known to affect vessel wall 
mechanics and features in a similar way to Mt4-mmp deficiency (Isoda et al. 2002). We 
then investigate the rescue of other features as cellular area and roundness in cultured 
vascular SMC isolated from aortas (Figure 28). Overexpression of the N-term Opn 
fragment rescued the area and roundness in cultured Mt4-mmp-null vascular SMC but not 
the full length Opn, 
reinforcing the role 
of N-term Opn-
mediated signaling 
in determining a 
normal vascular 
SMC phenotype 














Figure 26. Lentivirus codifying 
for full length and N-terminal 
Opn. (a) Design of the lentiviral 
(LV) vector. The vector directs 
SFFV (spleen focus-forming virus)-
driven mouse Opn full length or N-
terminal expression followed by 
IRES (internal ribosome entry site)-
driven expression of GFP in both 
cases. (b) Western-blot of cell 
lysates and supernatants (SN) of 
HEK293 cells infected with mock, 
N-term or full-length (FL) Opn LV. 
n= 2 independent experiments (c) 
Confocal images of anti-GFP 
immunostaining (green) of 
transverse aortic sections from P8 
neonates 1 week after injection with 
the Opn LV. Scale bar 20 µm. n= 3-





Figure 27. Lentiviral injection of N-terminal Opn fragment rescues vascular SMC 
proliferation and JNK signaling in Mt4-mmp-/-
 
neonatal aortas. (a) Representative confocal 
images of pH3 staining (red) in P8 aortas from Mt4-mmp-null mice injected at P1 with N-term, FL 
Opn or control (mock) LV (left) and quantification of pH3-positive cells (right). Scale bar 50 μm. 
n = 16 to 20 mice per condition, analyzed in two independent experiments. (b) Representative 
confocal images of P8 aortas from null mice injected with LV as in a, stained for phospho-JNK 
(green) (left) and quantification of average fluorescence intensity in the arterial media (right); 
nuclear Hoechst staining in blue. Scale bar 50 μm. n = 16 to 20 mice were analyzed per condition 
in two independent experiments. (c) Representative TEM images of transversal P7 aortas after 
Opn LV injection. Arrowheads points to vascular SMCs extensions that connect to ECM. Notice 
the elongated form of vascular SMCs in N-terminal Opn LV-injected aorta. Scale bar 2 μm (n = 2 
mice per condition). Numerical data in a and b are means ± s.e.m. and were tested by one-way 











-GENETIC ANALYSIS OF PATIENTS AFFECTED BY TAAD IDENTIFIED AN MT4-MMP 
MISSENSE MUTATION- 
 
To know whether the increased incidence of TAA in Mt4-mmp-/- mice might have any 
clinical implication, we next investigate genetic mutations in MT4-MMP in individuals 
with a familiar history of TAAD. We performed Illumina exome beadchip assay to study 
rare MT4-MMP variants in 800 European cases of sporadic thoracic aortic dissection 
(STAAD). Comparison of the allele frequencies of MT4-MMP variants in this cohort with 
the allele frequencies of variants in the European American cohort (exome variant service,  
EVS) revealed association of the rare variant rs4964883 (p.Ala129Gly) with sporadic 
dissection (p = 0.0044), of which 61.6% were type A (ascending thoracic) and 38.5% were 
type B (non-ascending aorta) dissections. Since a significance of p<0.0025 is necessary to 
conclude a genome wide association to a rare variant, we then performed whole exome 
sequencing (WES) in samples from 58 probands from families with an inherited 
Figure 28. Expression of N-terminal Opn fragment in Mt4mmp-null vascular SMCs rescues 
vascular SMC morphological alterations. (a) Representative pictures of wild-type and null vascular 
SMC infected with mock, N-term or FL Opn LV showing GFP-positive-infected cells. Scale bar 50 
µm. Quantification of cellular area and roundness are depicted (b and c). n= 2 independent 
experiments. One representative experiment is shown with 35 to 50 cells quantified per condition. Data 
in b and c are means ± s.e.m. and were analyzed by one-way ANOVA (*** p<0.001) followed by 
Bonferroni post-test (** p<0.01, *** p<0.001).  
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predisposition to TAAD. This analysis identified the missense mutation R373H 
(p.Arg373His) in the MT4-MMP gene (Figure 29 a) of a 43 years old European American 
male. This patient had a type A aortic dissection with an aortic root diameter of 5.5 cm and 
also suffered a stable chronic type B dissection. Unfortunately no DNA samples were 
available from the proband’s family to determine segregation of the R373H variant with 
disease. However, the father’s proband presented a type A dissection and two out of three 
of the proband’s siblings developed ascending thoracic aortic aneurysm.  
Polyphen analysis determined that the R373H mutation in MT4-MMP was likely to be 
deleterious, so we forward modelled in silico the predicted conformation. This mutation, 
would cause a conformational change in the C-terminal region (Figure 29 b) that 
presumably impede GPI-tail binding by transamidases during synthesis of the MT4-MMP 
variant on the endoplasmic reticulum. Since MT4-MMP binds to the plasma membrane 
through this GPI-tail, this conformational change would affect its expression at the plasma 
membrane. To confirm this data, we next modeled the MT4-MMP homodimer 
conformation in silico, finding that the R373H mutation might also affect the arrangement 
of the catalytic center of the homodimer (Figure 29 b). In silico modeling of a heterodimer 
formed by wild-type MT4-MMP and R373H mutant monomers yielded no energetically 
stable conformation, suggesting that the mutation in heterozygosity might behave as a 
functional homozygous loss.  
To test whether R373H mutation affects MT4-MMP expression, we transfected then HEK 
293 cells with wild-type or R373H mutant MT4-MMP and tested its expression. Although 
the levels of MT4-MMP mRNA were similar in wild-type- and R373H-transfected 
HEK293 cells (Figure 29 c), the mutant MT4-MMP protein was undetectable by western-
blot or immunostaining (Figure 29 d and e). However, treatment with the proteasome 
inhibitor bortezomib revealed mutant protein accumulation in intracellular vesicles of 
R373H-MT4-MMP-transfected HEK293 cells (Figure 29 e), suggesting that the mutant 





  Figure 29. R373H mutation in MT4-MMP found in human TAAD impairs protein expression. 
(a) Protein domain structure of human MT4-MMP. The arrow marks the mutation found in a 
TAAD patient at Arg373. (b) 3D tertiary protein structures of the lowest energy models for human 
wild-type MT4-MMP (left panels) and the R373H mutant (right). Monomers (upper panels) and 
homodimers (lower panels) are shown. The same colors used for the domain structure (a) are used 
in the 3D models (orange, catalytic center; red, C-terminal residue). Domains with a different 
orientation in the wild-type and mutant versions are shown in blue. (c) Q-RT-PCR analysis of MT4-
MMP mRNA levels in HEK293 cells non-transfected (control) or transfected with wild-type or 
R373H mutated human MT4-MMP. n = 4 independent experiments. (d) Representative western-
blot of MT4-MMP protein expression in HEK293 cells transfected with wild-type or R373H 
mutated human MT4-MMP. (e) Representative confocal microscope images of transfected HEK293 
cells with or without treatment with bortezomib. Cells were stained with anti-human MT4-MMP 













Understanding the mechanisms implicated in arterial vasculature homeostasis and 
pathology is relevant in cardiovascular diseases, where mouse  models have proved 
to be a valuable tool to discover the role of specific proteins in the arterial 
vasculature (Wagenseil and Mecham 2009) (Dietz et al. 1991) (Yanagisawa et al. 
2002) (Habashi et al. 2006) (Elia et al. 2009) (Moltzer et al. 2011).  
In this regard, the generation of the constitutive Mt4-mmp knockout/knockin mouse 
meant an important advance in the identification of the cellular types and the organ 
distribution of Mt4-mmp expression (Rikimaru et al. 2007), however little progress in 
the characterization of the Mt4-mmp role in physiology had been provided since then 
(Sohail et al. 2008). Our work further reveals the biological function of this 
metalloproteinase in vivo during arterial vasculature development, homeostasis and 
in life-threatening diseases as TAA(D). 
We demonstrated that Mt4-mmp catalytic activity is required during the development 
of large arteries as aorta, where the metalloproteinase cleaves a small matricellular 
protein, Opn. The release of the N-terminal Opn fragment is necessary to induce JNK 
phosphorylation in the cells forming the developing aortic wall, resulting in vascular 
SMC maturation. In this sense, Mt4-mmp absence produces a transitory increased 
vascular SMC proliferation, and structural changes in arterial vasculature with 
morphologically aberrant vascular SMC and altered cell/ECM mechano-coupling. 
The resultant Mt4-mmp null vasculature is dysfunctional and presents an increased 
predisposition to thoracic aortic aneurysms and neointima development after injury 
(Figure 30).  
Vascular SMC is a highly specialized and plastic cell type in the arterial vessel wall 
that mediates vessel wall adaptations to mechanical changes. These cells are able to 
sense its environment (mechanosensing) and respond by inducing changes in ECM 
synthesis/organization, cell contraction, proliferation, migration or even cell death 
(Owens 1995) (Wagenseil and Mecham 2009). Mechanosensing apparatus is form by 
oblique extensions of elastic fibers (enriched in microfibrils) that are structurally 
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linked to the vascular SMC surface by membrane receptor binding. Those ECM 
structures are aligned to the intracellular cytoskeleton (Milewicz et al. 2008). The 
primary mechanosensors are integrins that allow direct interaction with the ECM and 
are clustered in dense plaques or focal adhesions. Integrins act as 
mechanotransductors transmitting the ECM information to intracellular protein 
adaptors as vinculin and talin that mediates actin/myosin binding (Schwartz 2010). 
This cellular complex, termed the mechanotrasduction complex, provides the 
interface between the contractile machinery on the interior of the cell and the ECM 
on the exterior, to which force is transmitted, triggering the different cellular 
response to changes in the mechanical environment  that aims to restore vessel 







Figure 30. Arterial vessel wall alterations in Mt4-mmp absence. Osteopontin (Opn) is a new 
substrate for Mt4-mmp that needs to be cleaved during aortic development. The generation of the 
N-terminal Opn fragment is necessary to induce JNK phosporylation that facilitates vascular 
SMC maturation. Mature vascular SMC organized among elastin fibers and establish contacts 
among them and with the ECM. Loss of Mt4-mmp impairs Opn cleavage during aortic 
development impairing pJNK signaling, and resulting in immature vascular SMC. Null vascular 
SMCs fail to establish ECM connections and organize along the vessel wall. 
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When any of the components implicated in vascular SMC mechanosensing and force 
production is altered, the adaptation of the vessel wall to changes in the mechanical 
environment is compromised (Wagenseil and Mecham 2009) (Humphrey et al. 
2015). In vascular pathologies as aneurysms, the vessel wall weakens because is no 
longer able to bear the hemodynamic forces (Humphrey et al. 2014). In this regard, 
since the first mutation predisposing to TAAD was found affecting Fibrillin1 (FBN1) 
gene in individuals with MFS (Dietz et al. 1991), many other genes implicated in  
mechanosensing and mechanoregulation in the arterial wall have been reported in 
inheritable cases of aneurysms as the underlying cause of TAAD development in 
human (Humphrey et al. 2015) (Milewicz et al. 2008) (Lindsay and Dietz 2011) 
(Boileau et al. 2012) (Inamoto et al. 2010) (Regalado et al. 2011) (Kuang et al. 
2012). 
Also several mouse models have been developed based on these mutations 
mimicking human pathology and allowing to recapitulate some key molecular 
pathways disrupted. For example, MFS mouse models of Fibrillin1-/- (Fbn1-/-) mice 
or Fibulins 4 and 5 knockout mice in which loss of elastic fiber integrity and vascular 
SMC de-differentiated phenotype contribute to aneurysms generation (Bunton et al. 
2001) (Pereira et al. 1997) (Huang J. et al. 2010) (Spencer et al. 2005). 
Some ultrastructural alterations observed by TEM in Mt4-mmp-/- aortas resembled 
those in Fbn1-/- mice (Pereira et al. 1997) as the vascular SMC aberrant morphology, 
the abundant cytoplasmic extensions that fail to connect to elastic fibers, and the  
presence of intracellular vacuoles (Bunton et al. 2001). These data highlight common 
processes occurring in both models as could be the altered vascular SMC/ECM 
mechanical coupling. However, other features of Mt4-mmp-/- arterial vessels, as the 
defect in vascular SMC orientation within the wall, was only reported in Mt4-mmp-
null vasculature, suggesting the specific implication of this metalloproteinase in the 
orientation and distribution of vascular SMCs during arterial vessel wall 
development.  
In MFS mouse models that spontaneously develop aneurysms, vascular SMCs 
present a de-differentiated or synthetic-like phenotype that has been traditionally 
characterized by a decrease in the expression of contractile markers (Owens et al. 
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2004). However on some mouse models of MFS, no significant changes on the levels 
of some of those contractile markers are found (Bunton et al. 2001) in spite of the 
striking alterations revealed by TEM.  Our data demonstrate that vascular SMCs in 
the Mt4-mmp-null mouse aorta can express normal levels of contractile markers and 
yet be dysfunctional because of their misorientation within the arterial vessel wall. 
In this sense, Mt4-mmp-null vasculature presents a defective hemodynamic control 
with significant increases in aortic and mesenteric artery diameters and the inability 
to maintain normal blood pressure levels.   
Blood pressure levels are determined by different factors including peripheral vessel 
resistance, cardiac output and the blood volume. Previous studies in the Mt4-mmp-
null mice revealed defects in water intake that at first could be indicative of a lower 
blood volume in the null mice. However, even though water intake of Mt4-mmp-/- 
mice was 50% lower than in wild-types, those mice presented same blood osmolality 
since they were induced higher urine concentration. Primary defect observed in the 
Mt4-mmp-/- mice in this study pointed to an alteration affecting the anterior 
hypothalamus that contains the thirst centers (Srichai et al. 2011). So presumably the 
null mice hypodipsia is not the cause of the low blood pressure levels observed in the 
absence of Mt4-mmp since blood osmolality is preserved in the Mt4-mmp-/- mice. 
Mt4-mmp-null vessels had also a defective response to challenging stimuli. Although 
no spontaneous aneurysms or dissections were observed in Mt4-mmp absence, 
probably by the decreased blood pressure, angiotensin II infusion produced higher 
incidence of TAA but not AAA.  
The mechanisms of generation of one or the other type of aneurysms is different; 
TAA usually affects young people and arise primarily from noninflammatory 
mechanisms that often involve underlying genetic mutations, whereas AAA is more 
related to degradative processes in the vessel wall related to age, smoke, 
hypertension, hyperlipidemia and atherosclerosis, that triggers the degradation of the 
ECM usually driven by MMPs (Isselbacher 2005). 
Therefore, MMPs have been usually linked to the pathology of the aneurysms; 
contribution of MMP2, MMP9 and MMP12 in elastin degradation during TAA and 
AAA has been proved (Longo et al. 2005) (Huusko et al. 2013) and also it has been 
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reported increased levels of MT1-MMP and MMP19 in aneurysms (Jackson et al. 
2012). Even deletion of MMP2 in a mouse model of MFS improved aneurysm 
phenotype and survival (Xiong et al. 2012). Although MT4-MMP mRNA levels have 
been analyzed in tissue samples and vascular SMC from patients with thoracic and 
abdominal aortic aneurysms and other arterial pathologies, these previous studies 
yielded inconclusive results about a pathogenic effect of altered Mt4-mmp in these 
disorders (Inamoto et al. 2010) (Jackson et al. 2012) (Carrell et al. 2002) (Lenk et al. 
2007). However, our results suggest that Mt4-mmp role in the vessel wall is the 
opposite to the others MMPs; likely being necessary for the maintenance of the 
vessel homeostasis. This difference could be related to the substrate specificity of 
Mt4-mmp since this metalloproteinase presents no catalytic activity against ECM 
major structural proteins (Sohail et al. 2008).  
Using a proteomic assay, allowed us to reveal the biological processes altered in 
Mt4-mmp-null neonate and adult aortas. 
The defects observed in neonate mice likely derived from deficient vascular SMC 
maturation during development as indicated by the proteomic assay performed in P7 
aortas in which we observed decreases in the levels of proteins implicated in the 
biological processes of SMC maturation and muscle contraction and increases in the 
synthetic activity of the null cells. The presence of increased number of proliferative 
vascular SMCs in P0 and P7 aortas and the decreased levels on Tgfβ expression in 
null neonatal aortas point in the same direction since is described that those are 
features ligated to immature vascular SMCs (Owens 1995). Vascular SMC 
proliferation can be regulated by elastin, since deficient elastic fibers or impaired 
vascular SMC/elastin interaction induce proliferation (Li D. Y. et al. 1998). The 
major regulator of vascular SMC maturation is TGFβ, whose expression was reduced 
in the null mice. Importantly, TGFβ signaling has to be carefully regulated since 
decreases or increases in this pathway are described in vascular pathologies, 
especially aneurysms. An impaired TGFβ signaling has been reported in patients of 
MFS, other familiar TAAD, and in the corresponding mice models, where TGFβ 
levels are usually misbalanced (ten Dijke and Arthur 2007) (Milewicz et al. 2008) 
(Li W. et al. 2014) (Humphrey et al. 2015). In the case of the Mt4-mmp-/- mice, 
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although Tgfβ2 mRNA levels are significantly decreased, it would be necessary to 
confirm the possible defect in the Tgfβ signaling, since the regulation and availability 
of this molecule depends on the activation and binding to ECM proteins (ten Dijke 
and Arthur 2007). 
In adult aortas, however, proteomic analysis confirmed the alteration in vascular 
SMC shape, cell adhesion and contractile complex further supporting the aberrant 
SMC/ECM mehano-coupling and reflected that the long-term absence of this 
metalloproteinase impacts on the ECM (particularly collagen levels) that has been 
described before aneurysms (Gillis et al. 2013). This effect on the ECM in adult 
could be a consequence of the incapability of these immature cells to produce an 
adequate ECM and also a compensatory effect for the hemodynamic changes 
happening in the null vasculature (Gillis et al. 2013). In fact, in the case of the Mt4-
mmp-null mice, adult vessels support higher stress and present collagen adventitial 
remodeling; two hallmarks of vessel structural alterations directly related to impair 
vessel hemodynamics (Briones et al. 2010).  
Besides TGFβ, other signaling pathways drive vascular SMC maturation as PDGF 
and micro RNAs, however still some of them are still undefined (Owens et al. 2004). 
We found high Mt4-mmp expression at E14.5, when the expression of the majority of 
vascular ECM proteins, including fibrillar collagens, elastin and fibrillin-1 is 
upregulated (Kelleher et al. 2004). During this embryonic development, first 
interactions of the maturating vascular SMCs are established to the surrounding 
matrix, generating the mechanosensitive structure (Davis 1993) and interestingly, 
integrin expression during aortic embryonic development differs from adults 
(McLean et al 2005).  
The absence of defined substrate(s) for Mt4-mmp in the arterial vasculature adds 
complexity to the study of the mechanisms of action of this metalloproteinase. 
Currently, MMPs substrate identification protocols are moving towards proteomic 
technics that allow the study of the differences in the peptide profile generated by 
wild-type versus null mice cells (Rodriguez et al. 2010) (Koziol et al. 2012). SILAC 
proteomic assay in our case enabled the identification of the matricellular protein 
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Opn with decreased abundance of peptides in the supernatant of cultured Mt4-mmp-
null cells.  
So, we have described Opn as a novel substrate for Mt4-mmp in the vascular context 
that by specific space and time-regulated cleavage impacts on vascular SMCs 
maturation during the aortic vessel wall development. Moreover, the in silico 
modeling of the MT4-MMP dimer shows the catalytic center arrangement and the 
Opn interaction for the first time that can further help to the substrate identification. 
The presence and role of Opn in the arterial vessel wall has been previously analyzed 
but mainly focused in pathological vascular circumstances (Scatena et al. 2007) 
(Okamoto 2007) where Opn acts as chemoattractant/activator of inflammatory cells 
and as a chemoattractant/adhesive molecule for vascular SMCs and ECs (Liaw et al. 
1994) (Cho et al. 2009). Opn promotes cellular survival, adhesion and migration of 
vascular SMCs and inhibits calcification and is even able to control contractile 
marker expression (Scatena et al. 2007) (Kazanecki et al. 2007a) (Speer et al. 2005) 
(Jalvy et al. 2007) (Gao H. et al. 2012). However a role of Opn during vessel wall 
development has not been addressed and the function of OPN in vessel wall 
physiology remains unclear. 
Interestingly, Opn-deficient and Opn-overexpressing transgenic mouse models 
showed arterial phenotypes similar to those of Mt4-mmp-/- mice. First Opn-null mice 
presented increased diameter of vessels under pressure and hypotension, suggesting 
that the absence of Opn or its N-terminal fragment (as in the case of Mt4-mmp-/- 
mice) generates this vascular phenotype (Myers et al. 2003). On the other hand, Opn-
transgenic mice showed thicker aortic media with higher number of vascular SMCs 
that proliferate in the adult aorta and elastic fiber destruction (Isoda et al. 2002) that 
could be related to the impaired Opn full-length cleavage. Both phenotypes in the 
mouse models of Opn further support the requirement of proper Opn levels and 
processing for correct vascular structure and performance.  
In fact, Opn role in pathology could be related to the phenotype that we described in 
Mt4-mmp-null vessels. Opn-overexpressing transgenic mouse produces higher 
neointima in a model of femoral artery cuff-induced injury (Isoda et al. 2002), and on 
the other way around, smaller neointima in a model of CIL in Opn-null mice (Myers 
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et al. 2003), supporting a direct contribution of Opn to this pathology. In these 
studies is proposed that Opn interacts to vascular SMCs presumably via αvβ3 
integrin increasing MMPs expression, particularly of MMP2 and MMP9, that leads 
to elastic fiber degradation (Isoda et al. 2002) (Han et al. 2007).  
Even though the possible different role of the Opn fragments is not addressed in 
those studies, it is known that the cleavage of Opn by thrombin or MMPs generates 
two fragments with different biologic activity (Kazanecki et al. 2007a), and recently 
it has been demonstrated the different contribution of those fragments to pathology 
(Wolak et al. 2013). This is confirmed in the Mt4-mmp-/- mice model since 
restoration of N-terminal Opn generated after Mt4-mmp cleavage recovers the 
neonate phenotype, whereas Opn full-length Opn was unable to achieve this 
recovery.  
It is described that the N-terminal OPN fragments generated by thrombin or MMPs 
cleavage presented higher integrin affinity, by exposition of the RGD domain and, in 
the case of thrombin cleavage, the SVVYGLR (SLAYGLR in mouse) cryptic site 
(Kazanecki et al. 2007a) (Cho et al. 2009). Although Opn has been shown to be a 
target for others MMPs, as MMP2, 3, 7, 9 and 12 (Lund et al. 2009) (Scatena et al. 
2007) (Agnihotri et al. 2001), in the null mice any of those MMPs compensated the 
loss of Opn cleavage by Mt4-mmp. Interestingly, Mt4-mmp cleavage at the Ala210-
Leu211 of Opn preserves the SVVYGLR cryptic domain of Opn, whereas all other 
MMPs target and disable this integrin binding site. So, main difference of Mt4-mmp-
Opn cleavage would be the exposition of this cryptic site that binds α9β1, α4β1, and 
α4β7. Precisely α4 and β7 integrin chains are highly express during embryonic aortic 
development (McLean et al. 2005). Therefore, an interesting possibility is that during 
aortic development N-terminal Opn generated by Mt4-mmp cleavage could mediates 
signaling through α4β7 integrin. Whether this signaling is be important for aortic 
development and vascular SMC maturation needs to be further investigated. 
Altered integrin signaling is related to vascular SMC maturation and arterial 
organization. β1 integrin chain specific deletion in vascular SMC (under the Pdgfrβ 
promoter) generates vessels with poor vascular SMC coverage and increased 
proliferation of these cells, showing that β1 controls vascular SMC shape, adhesion 
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and proliferation (Abraham et al. 2008). β3 integrin also controls vascular SMC 
proliferation in MFS pathology (Misra et al. 2016).  Both chains, β1 and β3, signaling 
is mediated by integrin-linked kinase (ILK). Loss of ILK expression in vascular 
SMC produce arterial vessel aneurysms and ruptures in mouse embryo, showing that 
integrin signaling is necessary during vessel wall formation since ILK induces 
vascular SMC differentiation through myocardin-related transcription factor A 
(MRTFA) (Shen et al. 2011). Therefore we can speculate that Opn N-terminal 
fragment could be inducing integrin-mediated signaling necessary for the proper 
maturation of vascular SMC. 
Even though OPN expression has not been analyzed during development, it is known 
that its expression in the vessel wall can be induced by mechanical stretch, growth 
factors as PDGF, TGFβ, angiotensin II and also by hypoxia (Kubota et al. 1989) 
(Giachelli et al. 1993) (deBlois et al. 1996) (Sodhi et al. 2001) (Seo et al. 2015). In 
response to these stimuli, OPN can induce vascular SMC migration mainly through 
activation of FAK/ERK, p38 MAPK, and JNK, and/or proliferation through 
activation of ERK1/2 signaling pathways (Li J. J. et al. 2007) (Han et al. 2007) (Jalvy 
et al. 2007) (Cho et al. 2009) (Yu et al. 2010). In particular, TGFβ induces OPN 
expression in a positive feedback loop that leads to JNK phosphorylation and 
vascular SMC migration (Yu et al. 2010).  
In our study, we could no address whether Opn fragments could also rescue the 
phenotypic features in the adult, since Opn expression per se has demonstrated to 
have an impact in the physiology of the vasculature or in pathological processes. In 
this sense, Opn acts for example as driver of neointima lesion generation (Isoda et al. 
2002) (Myers et al. 2003) and it is highly related to aneurysms pathology (Bruemmer 
et al. 2003).  
Interestingly, TGFβ also induces JNK phosphorylation in a Marfan’s mouse model 
(Smad-4-deficient mice). In those mice, increased activation of JNK correlated to 
aneurysms pathology and administration of a JNK antagonist ameliorated the aortic 
disease (Holm et al. 2011). This result, compared to the pJNK requirement in the 
Mt4-mmp null mice, highlight the importance of time-specific signaling in the vessel 
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wall and determination of whether MT4-MMP-OPN-pJNK signaling pathway is 
implicated in TAA is also of interest. 
Since Mt4-mmp is also expressed after birth and Opn is induced by stretch, it would 
be of interest to determine the possible effect of both during the first days of life. The 
establishment of accurate vascular SMC/ECM connection would determine the 
posterior adaptations of the vasculature to the hemodynamic changes that occurs 
specially during the first weeks of life, when blood pressure increases from 
approximately 30 mmHg at birth to 80 mmHg. In this time period, the aorta 
undergoes rapid remodeling in response to the hemodynamic changes (Huang Y. et 
al. 2006).  
Our study opens some questions regarding the Mt4-mmp/Opn/JNK axis that still 
need to be answered. First, further investigation of the cellular types expressing Opn 
in the developing aorta need to be accomplished since we detected Opn and pJNK 
staining mainly in cells at the periphery of the vessel (presumably vascular SMCs 
progenitors that are being recruited) in E14.5 aortas.  
Second, it would be interesting to corroborate the possible existence of an OPN (N-
terminal) gradient generated by Mt4-mmp that could be impacting in vascular SMCs 
orientation within the wall, since it is a coordinated process in which proliferation 
and orientation is carefully regulated and the specific molecular signals implicated 
are still not fully identified (Greif et al. 2012).  
Third, how we are able to rescue the phenotype in neonates by inducing Mt4-mmp 
catalytic active or N-terminal Opn expression when the Mt4-mmp/N-terminal 
Opn/JNK signaling occurs earlier in developmental stages. We think that either Mt4-
mmp cleaves Opn full length still available at P1 in the null mice aortic wall or N-
terminal Opn directly restore proper signaling that leads to vascular SMC maturation 
and orientation in the wall.  
And fourth, to determine if the phenotype observed in Mt4-mmp-null vasculature 
relies on the vascular SMC-specific expression or the phenotype is not cell 
autonomous. To solve this question, we are currently generating the vascular SMC 
specific knockout mutant for Mt4-mmp.  
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Even though we have focused our research in arterial big vessels as aorta, it was 
previously described the possible role of MT4-MMP impacting in pericytes coverage 
in tumor vasculature (Chabottaux et al. 2006) (Chabottaux et al. 2009) (Sounni et al. 
2011). Overexpression of this metalloproteinase by breast cancer cells (as MDA-
MB-231) produced bigger and leakier vessels when subcutaneously injected in 
RAG1 immunodeficient mice (Chabottaux et al. 2009). In this way, MT4-MMP 
expression at the surface of the cancer cells affected the host pericyte coverage of the 
tumor vessels, an in-trans effect. By TEM they showed that those pericytes were 
irregularly shaped, with extended cytoplasm and were poorly associated to 
endothelial cells (Chabottaux et al. 2009), further supporting an impact of MT4-
MMP in the vascular SMC morphology and adhesion. This is the fundamental defect 
that increases metastatic cell intravasation leading to lung metastasis in breast tumor 
cells overexpressing MT4-MMP (Chabottaux et al. 2009) (Sounni et al. 2011). 
Taking into account this in-trans effect of Mt4-mmp expression over the vasculature, 
Mt4-mmp is expressed in other cellular types with undescribed functions so far. In 
fact, Mt4-mmp is express in other SMC population, as the visceral SMCs forming 
the muscle walls of the intestinal tract (Rikimaru et al. 2007), and our laboratory is 
currently analyzing Mt4-mmp role in this cellular type.  
Other interesting point is whether Mt4-mmp by cleaving Opn could be implicated in 
other pathologies. In rheumatoid arthritis, for instance, both, Mt4-mmp and Opn 
contribute to disease progression in inflammatory processes either cleaving 
ADAMTS4 and contributing to cartilage destruction (Gao G. et al. 2004) (Patwari et 
al. 2005) (Clements et al. 2011) or in the case of Opn that is directly associated with 
the destruction of the joint cartilage (Yumoto et al. 2002) (Ohshima et al. 2002). 
Since we have observed that Opn full length gets accumulated in Mt4-mmp-/- mice 
cartilage it will be interesting to explore the role of this Mt4-mmp-Opn mediated 
cleavage in rheumatoid arthritis also as a possible therapeutic target.  
OPN has also been reported to be expressed in cardiac tissue after mechanical stress 
including pressure/volume loading and hypoxia, where it regulates fibrosis after 
myocardial infarction. In Opn-/- mice, collagen deposition after myocardial infarction 
is in fact impaired, heart ventricle is dilated and cardiac contractility is reduced 
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(Trueblood et al. 2001) (Okamoto 2007). Since Mt4-mmp is also expressed in the 
heart (in the vessel wall and in other cellular types currently under study) it could be 
interesting to address the response of the Mt4-mmp-null mice to myocardial 
infarction and to analyze if the pathology of the process depends also on Opn 
cleavage. 
In human pathology, TAAD generation, contrary to AAA, have a strong genetic 
component. Although several genes whose mutations predispose to TAAD 
generation have been identified, (as mutations found in diseases as Marfan (Fibrillin-
1), Loeys-Dietz (TGFBRI and II)) and Aneurysms-Osteoarthritis (SMAD3) 
syndroms) (Milewicz et al. 2008), still up to 20% of TAAD patients have a family 
history of aneurysms with non-identified genetic cause. Recent advances in the study 
of this familial cases of TAAD has been performed by whole exome sequencing 
(WES) that demonstrated to be an effective technique for the identification of new 
mutations causative of TAAD (Milewicz et al. 2014). WES analysis of patients with 
familial TAAD uncovered a mutation in MT4-MMP gene (R373H) that further 
proved to impair protein expression. Surprisingly, the loss of MT4-MMP in one 
allele rendered a homozygous loss, since heterodimers formed by wild-type and 
MT4-MMP-R373H mutant were presumably unstable. In fact, analysis of Mt4-
mmp+/- mice ultrastructure showed similar alterations to knockout aortas. Still a deep 
study of other possible mutations in this patient is necessary and a larger patient 
sample analysis is required to determine the prevalence of this mutation in the TAAD 
population.  
To date, pharmacological treatment of aneurysms is limited; treatment of patients 
with inhibitors of β-adrenergic blockers or angiotensin II inhibitors as Losartan has 
improve aortic phenotype, however still prophylactic surgery is necessary for most of 
these patients to avoid aortic dissection or rupture (Braverman 2013) (Isselbacher 
2005). Therefore the identification of additional therapeutic targets that ameliorate 
aneurysms growth and prevent the disease is needed. Taking into account the 
limitations aforementioned, lentiviral experiments showed that restoration of Mt4-
mmp expression or the delivery of the N-terminal Opn fragment in the vasculature 
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rescues phenotypical features providing a possible gene therapy approach for TAAD 














1. The Mt4-mmp metalloproteinase is expressed by vascular SMCs in the vessel wall 
of conductance and resistance arterial vessels. In the aorta, particularly, Mt4-mmp 
is expressed since embryonic development until adulthood. 
2. The absence of Mt4-mmp impacts on the aortic features, including vascular SMC 
morphology, organization/disposition, distribution of marker proteins and 
connections to ECM, increased collagen deposition and a transient increase in 
vascular SMC proliferation, affecting vascular SMC maturation. 
3. The altered mechano-coupling in the Mt4-mmp-null arterial vasculature generates 
dilated vessels and hypotension. 
4. The response of the Mt4-mmp deficient vasculature to injury is altered showing 
increased thoracic aortic aneurysms in response to angiotensin II and the 
development of larger neointimas after injury. 
5. The Mt4-mmp-/- arterial phenotype relies on the metalloproteinase catalytic activity 
since the phenotypical alterations in the Mt4-mmp-null aortas could be rescued 
only by the re-expression of the catalytic active Mt4-mmp protein.  
6. Mt4-mmp cleaves osteopontin during aortic development and decreases N-
terminal osteopontin generation and JNK phosphorylation in the aortic vessel wall.  
7. The axis Mt4-mmp-osteopontin-pJNK is necessary during aortic vessel wall 
development and disruption of this signaling impairs vascular SMC maturation. 
8. An MT4-MMP missense mutation found in a patient suffering of thoracic aortic 
aneurysms impairs protein expression suggesting the implication of MT4-MMP in 











1. Las células musculares lisas de los vasos arteriales de conductancia y de 
resistencia expresan la metaloproteinasa Mt4-mmp. En la aorta, específicamente, 
Mt4-mmp se expresa desde el desarrollo embrionario de la pared aórtica hasta la 
vida adulta. 
2. La ausencia de Mt4-mmp afecta a las características de la aorta, específicamente 
a la morfología de las células de la musculatura lisa, a su orientación/ 
disposición, a la disposición intracelular de los marcadores contráctiles y a su 
interacción con las proteínas de matriz celular, también presentan un aumento en 
la deposición de colágeno y un aumento transitorio de la proliferación celular, 
afectando a la maduración de las células de musculatura lisa de la pared vascular. 
3. La alteración mecano-elástica de la vasculatura arterial del ratón deficiente en 
Mt4-mmp genera dilatación de las arterias e hipotensión. 
4. La respuesta de la vasculatura arterial del ratón deficiente en Mt4-mmp a daño 
está alterada, presentando mayor incidencia de aneurismas aórticos torácicos en 
respuesta a angiotensina II, y mayores neointimas en respuesta a un estímulo de 
daño.  
5. El fenotipo arterial del ratón deficiente en Mt4-mmp depende de la pérdida de la 
actividad catalítica de la metaloproteinasa ya que las alteraciones fenotípicas de 
las aortas deficientes en Mt4-mmp pueden ser rescatadas por la re-expresión 
mediada por lentivirus de Mt4-mmp. 
6. Mt4-mmp procesa osteopontin y la ausencia de este corte durante el desarrollo 
embrionario de la aorta disminuye la generación del fragmento N-terminal de 
osteopontin y la fosforilación de JNK en la pared aórtica. 
7. El eje formado por Mt4-mmp-osteopontin-pJNK es necesario durante el 
desarrollo de la pared aórtica y la alteración de este eje de señalización impide la 
correcta maduración de las células de musculatura lisa vascular.  
8. La mutación puntual en MT4-MMP encontrada en un paciente con aneurisma 
torácico aórtico impide la expresión de la proteína, lo que sugiere una 
























































































































































































































































































































































































































































































































Supplemental Figure I. TEM analysis of transverse sections shows accumulation of 
extracellular matrix and altered vascular SMC phenotype and distribution (rounder cells and 
more than one vascular SMC per layer) in some areas of the aortic wall from Mt4-mmp-
heterozygous mice. Scale bar 10 µm (left) and 2 µm (middle and right).  
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